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ABSTRACT
FUNCTIONAL ANALYSIS OF SQUAMOSA-PROMOTER BINDING PROTEIN LIKE
13 IN CONTROLLING FLOWERING TIME, PLANT ARCHITECTURE, GRAIN
SIZE, AND GRAIN NUMBER IN WHEAT
AJAY GUPTA
2020

Higher and stable yield is always a major objective of wheat genetic improvement
programs. The SQUAMOSA-promoter binding protein-like (SPL) genes constitute a small
family of plant-specific transcription factors with diverse functions in plant development
and growth and have great potential in improving yield and other major agronomic traits.
However, the functional characterization of the SPL gene family in wheat is far behind
other cereal crops such as rice. Using phylogenetic analysis, we identified 56 wheat
orthologues of rice SPL genes belonging to 19 homoeologous groups. Among these 19
orthologous TaSPL genes, nine harbor the micro RNA 156 recognition element (MRE) in
their last exon except for one gene, TaSPL13, which harbors the MRE in 3’-untranslated
region (UTR). We edited the MRE of TaSPL13 using CRISPR-Ca9 and generated 11
mutations in three homoeologous genes. CRISPR mutations of 10- and 25-bp deletions in
MRE increased the expression of TaSPL13-A by ~1.7 and 1.9-fold, respectively, and two
1-bp insertion mutations in MRE upregulated the expression of TaSPL13-B by 2.25-fold
compared to wildtype (WT). Phenotypic evaluation showed that the 1-bp insertion
mutations in TaSPL13-B has the highest impact on decreasing days to flowering, tiller
number, and plant height, and has positive effects on grain size and grain number. In terms
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of flowering time, the expression of wheat Vernalization 1 gene, which is orthologous to
flowering gene APETALA 1 of Arabidopsis, was upregulated by 2.3-fold in the double
mutant TaSPL13-ab, which combined the 5-bp deletion in TaSPL13-A and the 1-bp
insertion in TaSPL13-B. Our results demonstrate the pleiotropic effects of TaSPL13
mutants in wheat and functional conservation among the orthologous SPL gene between
wheat and the model plants Arabidopsis and rice. The TaSPL13 holds great potential in
improving wheat yield by simultaneously increasing grain size and number. The novel
mutations generated in the homeologs can be utilized in wheat breeding programs to
improve these agronomic traits.
While working with the CRISPR-Cas9 technique we developed a new and simple
protocol for cost-effective genotyping of CRISPR mutations. Simultaneously, we discuss
the advantages and pitfalls of various genotyping platforms such as mismatch cleavage
assay, restriction enzyme assay, ribonucleoprotein assay, and Sanger sequencing. The case
study-based approach provides details about the methods and can act as a guide to screen
CRISPR mutations in wheat.
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INTRODUCTION
Wheat is a major cereal crop across the globe. There are approximately 25,000 cultivars of
wheat grown all over the world and it is a staple food for ~35% of the world’s population
(FAO, http://www.fao.org/faostat/). Therefore, there is an increasing demand for wheat
yields to feed the increasing population. Development of high- and stable-yielding wheat
cultivars are always the major objective of the wheat genetic improvement programs. This
objective can be accomplished by developing cultivars resistant to biotic and abiotic
stresses which have an indirect impact on yield (Wang et al., 2014). Secondly, the overall
yield of wheat can be improved by breeding yield-related traits such as grain size and
number (Li et al., 2017). Increasing wheat yield will require the use of breakthrough
approaches to generate novel variations.
SQUAMOSA promoter binding protein-like (SPL) genes are plant-specific diverse
transcription factors. Their role in flowering time regulation, yield, leaf development, and
plant architecture has been demonstrated (Chen et al., 2010). In rice, three SPL genes,
OsSPL13/14/16 have been identified with a positive impact on grain size and number (Jiao
et al., 2010; Si et al., 2016; Wang et al., 2012). Wheat is lagging behind rice in the
molecular and functional characterization of SPL genes and manipulation of SPL genes for
wheat improvement. The availability of highly annotated reference genome of wheat
cultivar Chinese Spring has widened the scope for wheat improvement (Appels et al.,
2018). The genome can be utilized to identify the orthologous genes from rice and utilized
for wheat improvement. For example, using the rice SPL protein sequence, we identified
56 SPL genes in wheat in 19 homoeologous groups. Among these 19 TaSPL genes, 9
harbors the micro RNA 156 recognition element (MRE) in their last exon except for one
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gene, TaSPL13, which harbors the MRE in 3’-untranslated region (UTR). Therefore, the
expression of this gene can be improved by mutating MRE using CRISPR-Cas9, which
will not change the TaSPL13 protein sequence.
With the development of CRISPR-Cas9 technology in wheat, targeting single as
well as multiple genes for genetic improvement is becoming easier (Cong et al., 2013).
CRISPR-Cas9 is an RNA-guided genome editing tool, it binds to DNA using an RNA
molecule and cuts both the strands using Cas9 endonuclease leading to double-strand
breaks (DSBs) (Jinek et al., 2012). The DSBs are repaired by either error-prone nonhomologous end joining (NHEJ) or error-free homology-directed repair (HDR) methods
(Puchta, 2017). NHEJ mediated repair leads to random insertions or deletions at the site of
DSB. Which can lead to gene silencing or frame-shift mutations or inhibit the micro RNA
mediated gene silencing in case of targeting a micro RNA binding site (Puchta, 2017).
Recently, our group developed an efficient Agrobacterium-delivered CRISPRCas9 system for genome editing of grain size regulatory genes (Zhang et al., 2019). We
reported mutations from four genes, one of which was TaSPL13 (named as TaGLW7 in the
article). The major objective of the project is to improve the CRISPR-Cas9 editing in wheat
and simultaneously enhancing the yield potential of wheat with a higher grain size. As a
part of an effort to the project, this thesis study was designed to focus on two objectives 1)
to identify mutations in MRE of TaSPL13 and 2) to analyze the phenotypic consequences.
The study beholds two hypotheses, 1) mutations in MRE will increase the expression of
TaSPL13, and 2) increased expression will be associated with increased grain size and
number similar to rice. Here I will review the literature relative to my topic in Chapter 1
and report the research results in Chapters 2 and 3.
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CHAPTER 1: Literature Review
The wheat facts
Bread wheat or common wheat (Triticum aestivum L.) is one of the most important and the
most widely cultivated food crops in the world. It provides about one-fifth of the total
calories to humans (FAO, http://www.fao.org/faostat/). Around 730 million metric tons
(MMT) of wheat were produced worldwide during the 2018-19 growing period. Roughly
95% of total wheat grown is common wheat used for making bread, cookies, and pastries
and, the remaining 5% is durum wheat used to produce pasta and semolina-based products
(USDA, 2020).
The world population has been doubled from 3 billion to 7 billion in the last 4
decades and is expected to reach 9.7 billion people by 2050 (USDA, 2015). Feeding such
a humungous population will be the major challenge and would require to raise the overall
food production by 70% (FAO, 2009). Accordingly, wheat production needs to be
increased to meet the growing demand by 60% by the year 2050 (http://iwyp.org). Even
though improving crop production is essential to address the world’s hunger issue, the rate
of increase in the production of three major cereal crops (wheat, rice, and maize) is not in
pace with the growing population. To meet the growing demand, annual wheat yield
increases must be raised from the current level of less than 1% to at least 1.7%
(http://iwyp.org/).
Wheat evolution and domestication
The wheat genus (Triticum L.) contains six species at three ploidy levels: two diploid
species T. monococcum (genome AmAm) and T. urartu (genome AA), two tetraploid
species T. turgidum (genomes AABB) and T. timopheevii (genomes AAGG), and two
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hexaploid species T. aestivum (genomes AABBDD) and T. zhukovskyi (genomes
AAGGAmAm) (van Slageren, 1994). Except for T. urartu, the other five species were
domesticated. Two hybridization events between T. urartu and Aegilops speltoides
(genome SS ≈ BB ≈ GG) gave birth to wild emmer (T. turgidum subsp. dicoccoides)
~700,000 years ago in the southern Levant and wild Timopheevi (T. timopheevii subsp.
armeniacum) ~400,000 years ago in northern Iraq (Fig. 1) (Gornicki et al., 2014).
Approximately 10,500 years ago, diploid einkorn (T. monococcum subsp. monococcum)
was domesticated from wild einkorn (T. monococcum subsp. boeoticum) in southeastern
Turkey (Heun et al., 1997). Later, tetraploid cultivated emmer (T. turgidum subsp.
dicoccum) was domesticated from the wild emmer in the same region (Ozkan et al., 2005).
Timopheevi wheat (T. timopheevii subsp. timopheevii) was domesticated from the wild
Timopheevi in the Transcaucasian region (Jakubziner, 1959). Both hexaploid wheat
species originated in cultivation. Approximately 8,000 years ago (Feldman 2001), T.
aestivum originated from a few hybridization events between a cultivated form of T.
turgidum and diploid goatgrass A. tauschii (genome DD) (Kihara, 1944; Matsuoka, 2011;
McFadden, 1944) in Caspian Sean and southwest Iran (Fig. 1) (Wang et al., 2013). T.
zhukovskyi originated from hybridization between cultivated Timopheevi and cultivated
einkorn (Upadhya et al., 1963). Cultivation of einkorn, Timopheevi, and Zhukovsky wheat
are very limited. By contrast, durum (T. turgidum subsp. durum) and common wheat or
bread wheat (T. aestivum subsp. aestivum) are widely cultivated in the present days,
particularly the latter, which occupies 95% of the wheat-growing acreage.
During domestication, a panel of key agronomically important and phenotypically
diverse traits subjected to selection, which dramatically reshaped the crops for adaption to
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cultivation and termed as ‘Domestication syndrome”. The domestication pristine traits” in
diploid and tetraploid wheat including selection for the nonshattering spikes, the freethreshing forms, uniformness of germination, and large grain size (Salamini et al., 2002).
In diploid and tetraploid wheat, shattering is controlled by Btr1 (Nave et al., 2019;
Pourkheirandish et al., 2015), free-threshing is controlled by the Q (Simons et al., 2006)
and Tough glume (Tg) gene (Sood et al., 2009). The grain size is controlled by many QTL
(Cantrell et al., 1991; Elias et al., 1996; Li et al., 2017). Different to the diploid and
tetraploid wheat, diverse forms of hexaploid wheat T. aestivum were selected during its
radiation: spelt wheat (T. aestivum subsp. spelta) with non-free-threshing spikes and long
grains was selected in Europe, but small-seeded cultivar Indian dwarf wheat (T. aestivum
subsp. sphaerococcum) was selected in India ~ 3500 before the present (Liu et al., 2016).
Despite reduced yield potential, the selection of Indian shot wheat was important for
adaptation to the local dry and arid environment. Therefore, the domestication syndrome
not only worked to improve yield but helped some cultivar to adapt to local environments
as well. This provides room for improvement of the originally domesticated cultivars
harboring traits for adaptation as well as higher yield. For example, during the green
revolution, the Indian shot cultivar was replaced by improved high-yielding semi-dwarf
wheat lines (Mori et al., 2013).
Polyploidy: Reason for wheat’s success as a crop
Allopolyploidization via hybridization with a species of the genus Aegilops was the major
force leading to diversification during the evolution of Triticum species (Tsunewaki, 2009).
Polyploidization is also the key factor for the success of wheat as crop species (Hegarty et
al., 2008). The geographic areas with einkorn and emmer growing concomitantly were
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quickly replaced by emmer. A similar situation happened with the hexaploid common
wheat. Even though emmer was the first wheat crop to emerge and spread, nowadays 95%
of wheat grown worldwide is common wheat (USDA, 2020). Unlike the supersedence of
emmer wheat over einkorn, which was basically due to improved vigor and yield, the
supersedence of common wheat over emmer involved more complex traits. These traits
include improved adaptability to local environments, improved salt, and low pH tolerance,
enhanced insect-pest resistance, and improved frost tolerance (Abbo et al., 2014). The
polyploid gene expression is considered to be the summation of diploid gene expression,
although the non-additive gene effect has been observed (Udall et al., 2006). But the
combination of multiple diploid lines combines the adaptability to local environments from
all different diploids, thus leading the adaptability of hexaploid wheat in diverse climatic
and geological regions (Venske et al., 2019). Therefore, being an allopolyploid species,
wheat fosters the hypothesis of a positive correlation between polyploidy and crop success
(Abbo et al., 2014). The polyploid genome provides plasticity to incur genetic variations
often deleterious in diploid species, a phenomenon termed as genomic buffering (Feldman
et al., 2012). A related argument, dosage effect, allows the production of aneuploid lines
as genetic stock with all 21 individual chromosomes missing from the hexaploid wheat
(Endo et al., 1996; Sears et al., 1978; Sears, 1954). The missing expression of one lost gene
copy is compensated by the availability of the other two copies from the homoeologous.
The hexaploidy of wheat leads to its heterozygous nature at the homoeologous level, which
is due to the presence of 6 alleles at 3 homoeologous loci. The individual homoeoalleles
can be homologous to each other at their respective homoeoloci but within the homeologs,
there could be hidden heterozygosity (Krasileva et al., 2017).
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Despite the evolution in the domestication pristine traits, which show the clear
dichotomy between wild and domesticated wheat, there is still room for improvement in
some traits such as grain size and vernalization (Abbo et al., 2014). Although these traits
are improved under domestication further improvement through genomic selection and
genome editing can lead to better and high yielding genotypes.
Diploid behavior of hexaploid wheat at the chromosome level
In allohexaploid, three different sets of genomes are present, although the three genomes
are quite diverse and different from each other, they share some homology among DNA
sequence. Therefore, during meiosis three types of chromosomes can be observed: 1) the
true homologs, 2) the homoeologues and 3) non-homologous (Rey et al., 2017) (Fig. 2).
Based on genetic similarities, the 21 pairs of homologous chromosomes of bread wheat
(seven pairs in each genome) fall into seven homoeologous groups, each containing one
chromosome each from the A, B, and D genomes, respectively (Sears, 1954; 1966). Hence,
homoeologous group 1, for example, contains the chromosomes 1A, 1B, and 1D. But the
pairing in wheat is strictly restricted to homologs only. Thus, during meiosis wheat behaves
like a diploid and synapsis take place only between true homologous chromosomes
(Griffiths et al., 2006; Riley et al., 1958). This cytological diploidization in allopolyploid
wheat can be explained through two independent, but complementary systems. The first
reason being the physical divergence of homoeologous chromosomes and the second is
most important and prominent, which is the genetic control of pairing behavior (Griffiths
et al., 2006; Riley et al., 1958; Sears and Okamoto, 1958).
The genetic control of meiotic pairing in allopolyploid wheat was first reported by
two groups independently in the year 1958. Sir Ralph Riley from the UK and Dr. Ernie
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Sears from the US, they both observed that deleting 5B chromosome in wheat hybrids
induced homoeologous chromosomal pairing (Riley et al., 1958; Sears, 1958). They found
the gene responsible for blocking the homoeologous pairing was present on the long arm
of chromosome 5B. The locus responsible for this pairing behavior was designated as Ph1
(Pairing homoeologous 1) (Wall et al., 1971). Ph1 is a dominant gene and it suppresses the
pairing of homoeologues (intergenomic pairing) and allows only homologs (intragenomic
pairing) to pair during meiosis (Riley, 1960; Sears, 1976). Similar gene order and
sequences are present on chromosome 5A, 5D, and other diploid species (including the
putative B genome donor species) of wheat, but they show a weak Ph1 like activity, thus
suggesting that Ph1 evolved in the allopolyploid wheat on chromosome 5B after
polyploidization (Dvorak et al., 2006; Koo et al., 2017). Although extensive research has
been carried out on Ph1 locus from the past 60 years, the actual mechanism of Ph1 action
is still under study. Two different groups have reported different candidate genes, which
can be presumed to be involved in the Ph1 like activity. Griffiths et al. (2006) reported that
the Ph1 locus contained clusters of cyclin-dependent kinase (cdk) like genes translocated
from chromosome 3A. The translocated fragment was shown to contain TaZIP4-B2, a
highly expressed paralog of TaZIP4-1 from group 3 chromosomes (Rey et al., 2017). The
second group reported that they have identified a different gene responsible for the Ph1
gene action, this is metaphase I specific gene, and its silencing corresponds to the Ph1
mutant activity (Bhullar et al., 2014).
Due to the diploid-like chromosome pairing behavior, the homoeologous genes
need to be accounted for independently during a genetics study of polyploid wheat. For
example, homoeolog-specific primers (gene-specific primers) need to be used for the
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identification of CRISPR or TILLING mutations. High sequence similarity, collinearity,
and synteny among the homoeologous chromosomes are both beneficial and limitations
for the CRISPR approach. The coding regions among the homoeologous genes are >95%
identical, therefore a single guide RNA can be designed to mutate three homeologs
simultaneously. But at the same time, it requires designing homeolog specific primers to
identify which gene copy harbors the mutation (Huang et al., 2010).
Wheat Genomics
The last 20 years had seen a humungous growth in genetic and genomic tools and resources
available for wheat breeding. These resources lay the foundation of pre-breeding materials
and help breeders to effectively utilize the genetic variation present in various cultivars for
wheat improvement. These resources range from the recently published fully annotated
genome of hexaploid wheat to high throughput genotyping and phenotyping platforms
(Appels et al., 2018). Below are some major genetic and genomic resources available in
wheat breeding.
Reference genome sequence
To empower wheat research and improvement, wheat scientists from across the globe
united and constituted International Wheat Genome Sequencing Consortium (IWGSC).
The goal of IWGSC was to deliver a high-quality reference genome of bread wheat cultivar
Chinese Spring (CS). CS was the obvious choice as there are rich genetic stocks such as
aneuploid lines all available in Chinese Spring (Gill et al., 2006). The IWGSC was formed
in 2005, in 2012 a chromosome-based draft survey sequence (CSS) was made available to
the public for the first time (IWGSC, 2014). This assembly represented only 61% of the
total genome of wheat. In 2015, The Genome Analysis Center (TGAC) provided improved
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assembly of wheat covering >78.5% of the wheat genome (www.wheatgenome.org/). More
recently, a fully annotated and near-complete reference sequence of T. aestivum cv. CS
was made available for public use (Appels et al., 2018). This assembly represents >90% of
the genome and provides much more information than the previously available assemblies.
This reference genome is assisting in removing the barriers wheat breeding was facing
from the last several years, such as the gene context for map-based cloning. Besides, the
selection of targets for CRISPR-Cas9 induced modifications has become more convenient.
This is evident from the hike in the number of articles published using CRISPR-Cas9 for
wheat genome editing after the genome was released (apps.webofknowledge.com/). Along
with the sequence of hexaploid wheat, many diploid and tetraploid species have also been
sequenced and their reference sequence is available online for public access. These species
include T. turgidum subsp. durum cv. Cappelli, T.subsp. durum, cv. Strongfield, T.
monococcum, T. urartu, A. speltoides, A. sharonensis, and A. tauschii (https://wheaturgi.versailles.inra.fr/).
Natural variations: Exome sequence database
The evolution and domestication, many wheat cultivars accumulated natural mutations in
their genetic background. Some of the key domestication pristine traits and their causal
genes/alleles have been identified (discussed previously). But the impact of most of these
variations is largely elusive or unknown. Researchers applied exome capture technology
to capture the variations present in the coding regions of diverse cultivars, landraces, wild
relatives from diploid, tetraploid, and hexaploid wheat lines (He et al., 2019; Pont et al.,
2019). The data covering millions of SNPs in the coding regions of ~1,000 wheat
accessions

is

available

at

http://wheatgenomics.plantpath.ksu.edu/1000EC

and
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https://urgi.versailles.inra.fr. This unique resource of data provides researchers to identify
the extent of variation present within the gene of interest and the phenotypic consequences
of these variations in different genetic backgrounds (Adamski et al., 2020).
Induced variations: TILLING lines
Having a polyploid genome, wheat can tolerate more deleterious mutations than the diploid
species, known as genomic buffering (Feldman et al., 2012). Therefore, chemical
mutagenesis populations can be developed, from which mutations of a specific gene can
be identified by Targeted Induced Local Lesions in Genomes (TILLING). The individual
plants of the mutagenesis population can be cataloged and exome-sequenced for high
throughput mutation identification. Krasileva et al. (2017) generated two mutant
populations: 1535 mutant lines of tetraploid durum wheat variety “Kronos” and 1200 lines
of the hexaploid wheat variety “Cadenza” using the ethyl methanesulphonate (EMS)
mutagenesis approach. The mutations in these 2,735 lines were detected using exome
capture sequencing technology. Each line harbors an average of 2,705 and 5,351 mutations
per tetraploid and hexaploid respectively. The raw data was initially aligned to the
chromosome survey sequence and recently to IWGSC RefSeqv1.1 gene models. The single
nucleotide polymorphisms (SNPs) generated from EMS-type mutations (C to T and G to
A) are available to the public on the Ensembl plant's website. The use of these induced
mutation lines for gene functional study requires crossing to combine mutations in
homoeologous genes to uncover full effect. Also, repeated back-crossing for several
generations is required to remove the background mutations. Targeted mutations using
CRISPR-Cas9, overcome these challenges as they do not have many off-target mutations,
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and removing the transgene from mutant background requires relatively fewer
backcrossing events.
Wheat Expression Databases
Most of the genes in wheat are present as triads (three homoeologous genes). Almost 70%
of the triads have a balanced gene expression among three homeologs. The remaining 30%
show expression bias where expression from one homeolog gene copy is either higher or
lower than the other two (Ramírez-González et al., 2018). Wheat expression databases
enable researchers to analyze the expression levels of different genes including homeologs
in a diverse range of tissues and environmental conditions (Borrill et al., 2016). Three
wheat expression databases expVIP (http://www.wheat-expression.com/), WheatExp
(https://wheat.pw.usda.gov/WheatExp/),

and

wheat

eFP

browser

(http://bar.utoronto.ca/efp_wheat/cgi-bin/efpWeb.cgi) are available in the public domain.
In gene functional studies, these databases provide the initial information about the gene
expression and help in making decision while selecting a homeolog for focussed
evaluation.
Genome editing
The ability to precisely modify the genomic DNA termed as “genome editing” has
tremendous applications not only in biotechnology and gene functional analysis but also in
crop improvement and increasing genetic diversity (Wolter et al., 2019). For a typical
genome editing experiment, the reagents required for genome editing are delivered into
plant/animal/human cells. These reagents induce double-strand breaks (DSBs) in the DNA
at a precise location. Upon DSB induction, the cell deploys its DNA repair machinery to
repair the broken ends (Cong et al., 2013). There are two different but related repairing
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mechanisms in almost all the eukaryotes; Homologous recombination (HR) and NonHomologous End Joining (NHEJ) (Ceccaldi et al., 2016). In HR, homology-directed repair
(HDR) is most prevalent, in this, the broken ends are repaired using the undamaged DNA
having homology to broken DNA at the ends as the template strand (Fig. 3). This can lead
to the insertion of a new piece of DNA that was not there previously (Bibikova et al., 2001;
Puchta et al., 1996; Rudin et al., 1989). While in NHEJ, the ends are rejoined nonspecifically without any template strand. This leads to random insertion or deletions in the
repaired DNA (Hefferin et al., 2005; Moore et al., 1996). These indels can be of any size
and lead to gene disruptions (knockouts) or knock-downs due to frameshift mutations
which cause non-sense mediated decay (Fig. 3) (Lieber et al., 2010). These were two
common strategies for genome editing in almost all the species until 5-years from now.
More recently, the definition of genome editing has completely changed as now we can
precisely change single letters of DNA, write the DNA, and also modify the secondary
features of DNA such as DNA methylation (Adli, 2018).
Plant genomes vary greatly in size from 135 million bases in diploid Arabidopsis
to 16 billion bases in hexaploid wheat. The number of genes differs too in these species,
for instance, the Arabidopsis genome contains ~27,000 genes while the gigantic genome
of wheat is predicted to contain more than 100,000 genes (Appels et al., 2018; Swarbreck
et al., 2007). For several decades, functional characterization of a gene in plants required
the generation of the mutant population through physical (gamma rays), chemical (EMS)
or biological (T-DNA/transposon tagging) mutagenesis approaches. Being nonspecific,
these mutagens results in multiple lesions on DNA and require screening of a large
population to identify mutations in gene under consideration (Holme et al., 2019; Oladosu
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et al., 2016). This limitation has been resolved in the last 10 years, thanks to the site-specific
nucleases (SSN). Currently, three types of highly specific and programmable SSNs, i.e.
Zinc Finger Nucleases (ZFNs), Transcription Factor-Like Effector Nucleases (TALENs),
and CRISPR-Cas, are used for genome editing (Li et al., 2020; Zhang et al., 2018).
Mechanisms and properties of these SSNs for genome editing will be discussed in detail
as follows.
Zinc Finger Nucleases (ZFNs)
ZFNs are a fusion of non-specific DNA-cleavage domain from the FokI endonuclease and
a site-specific DNA binding zinc finger domain (ZF). The FokI is the catalytic domain of
restriction endonuclease enzyme isolated from the Flavobacterium okeanokoites. FokI
cutting domains were selected for fusion with ZFs in genome editing experiments due to
two main reasons. Firstly, the FokI endonucleases have distinct DNA cleavage and binding
domains, researchers separated these two domains and fused DNA-cleavage domain to
ZFs. Secondly, the FokI endonuclease requires homodimerization to induce DSBs in DNA,
this leads to designing ZFNs with two proximal binding sites eventually enhancing sitespecificity (Bitinaite et al., 1998). Similarly, the ZFs were first discovered in 1985 as the
DNA binding domains of transcription factor IIIa in Xenopus laevis (Miller et al., 1985).
This class of DNA-binding domain is highly abundant in eukaryotes. Unlike other TFs
with distinct DNA-binding to certain core motifs, the ZF-containing TFs can bind to a wide
range of DNA sequences. This is because the interaction between ZFs and DNA is
mediated by several individual fingers clustered together (Laity et al., 2001). These
individual zinc fingers can recognize and bind to 3-bp on the DNA. Therefore, the order of
these zinc fingers in the cluster determines the DNA-binding site of final ZFs. This property
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of binding to certain regions draw the attention of scientists and they fused these ZFs to
FokI for DSB induction (Kim et al., 1996).
The individual fingers are composed of roughly 30 amino acids and the sequence
motif resembles X2-Cys-X2,4-Cys-X12-His-X3,4,5-His, where X is any amino acid residue
and the spacing between two Cys and two His is varying. These motifs are termed as
Cys2His2 and the Cys and His amino acid residues are involved in the interaction with zinc
ligands (Pabo et al., 2001). As mentioned previously, each zinc finger can bind triplet DNA
molecule, there are 64-unique fingers (43) for all possible DNA triplets. Therefore, these
individual fingers can be redesigned to direct the ZFNs to the desired target locus. In early
genome editing experiments, an individual ZFN containing 3-6 fingers was utilized to
target 9-18 nucleotides (Beumer et al., 2008). As the FokI requires dimerization for DSB
induction, two ZFNs were combined with appropriate spacing to target a genomic region.
The ZFN designing method is very tedious and cumbersome. It involves protein
engineering to specifically orient the fingers in such a way that they target the specific
regions (Wu et al., 2007). Moreover, these ZFNs have a very high off-target rate resulting
in many undesirable mutations (Chakraborty, 2019). The high frequency of off-targets is
due to non-specific interactions of ZFNs at multiple loci in the genome (Cradick et al.,
2011). Additionally, the on-target efficiency is very low and requires the screening of a
large population to get the desired mutations (Adli, 2018; Gaj et al., 2013). Due to al these
difficulties in design and low efficiency of target mutations the ZFN technology is no
longer been used and new and advanced methods for gene editing like TALENs and
CRISPR-Cas9 have taken its place.
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Transcription Factor Like Effector Nucleases (TALENs)
Similar to ZFNs, TALENs are another class of engineered nucleases but with much better
efficiency and specificity. TALENs are designed by fusing the Transcription Activator
Like Effectors (TALEs) to the DNA cleavage domains of FokI endonucleases (Li et al.,
2011; Miller et al., 2011). The DNA cutting domain in both the ZFNs and TALENs is the
same while the DNA binding domain of TALENs is more efficient and flexible to design.
The DNA binding domain is composed of highly conserved repeat sequences of length 3335 amino acids. The amino acid at positions 12 and 13 is hypervariable (named as the
repeat variable di-residues or RVDs) and the rest of the amino acids are conserved. The
RVDs determine the DNA binding site for these TALENs, for example, ND interact with
Cytidine, HN with Adenosine or Guanosine, NH with Guanosine, and NP with all
nucleotides (Li et al., 2020). Unlike, ZFNs where individual fingers interact with triplet
DNA, one-to-one interaction between RVDs and DNA target site makes the coding of
TALENs much easier (Moscou et al., 2009). Additionally, the TALENs are also designed
to target two neighboring sites with a spacing of 12-30 bp for homodimerization of the
FokI domain to induce DSBs.
The designing of TALENs is much easier than ZFNs because of the simple cipher,
but the highly repetitive nature of the individual TALEs hinders the assembly of the
construct (Wei et al., 2013). Moreover, even though these TALE proteins have higher
efficiency and fewer off-targets compared to ZFNs, both these problems are still
considerably higher in TALENs (Li et al., 2020). Due to the lower efficiency of DSB
induction and subsequent causal mutations, the complex polyploid genomes of species like
wheat is hard to edit with TALENs (Kumar et al., 2019). Due to these limitations and with
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the rise of second-generation genome editing tools such as CRISPR-Cas9, TALENs are
being replaced by CRISPR-based genome editing tools in most of genome editing
experiments.
CRISPR-Cas
CRISPR-Cas system is the second generation of genome editing tools. Earlier in 1987, the
CRISPR was identified as a locus of clustered regularly interspaced short palindromic
repeats (called spacers), hence their name (Ishino et al., 1987). The role of these repeat
sequences largely remained unclear until the late 2000s. In 2005, two groups reported the
extrachromosomal origin of non-repeated sequences in CRISPR locus and predicted their
resemblance with phage sequences (Bolotin et al., 2005; Pourcel et al., 2005). Soon their
role in adapting immunity against invading phages, viruses, and plasmid DNA was
established (Jinek et al., 2012). Adjacent to the CRISPR locus, CRISPR associated (Cas)
endonucleases are present. The whole CRISPR locus along with Cas proteins are
transcribed during the foreign viral attack to bacterial cells as a single operon. Upon viral
attack the CRISPR locus is transcribed, the Cas genes produce the Cas proteins. The initial
RNA transcribed from the repeats and spacers of CRISPR locus is termed as precursor
CRISPR RNA (pre-crRNA). This pre-crRNA is processed into two distinct RNA forms by
the Cas proteins: CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA).
The crRNA determines the recognition of foreign nucleic acid from invading viruses or
phages, while the tracrRNA is required for binding and activation to Cas proteins. After
recognition, binding, and Cas activation, the invading nucleic acids are chopped into pieces
by the Cas endonucleases (Barrangou et al., 2014; Horvath et al., 2010; Jinek et al., 2012;
Terns et al., 2011; Wiedenheft et al., 2012). Some anti-CRISPR genes have also been
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identified in phages and viruses that provide resistance to these viruses against CRISPRderived degradation (Pawluk et al., 2018).
The CRISPR systems are broadly categorized into two classes based on structural
variations in Cas genes and their organization in the locus. The class I CRISPR system
requires multiple Cas proteins for pre-crRNA processing and invading viral DNA/RNA
degradation. While the class II system requires a single only effector Cas protein for
providing the immunity. Moreover, a total of six CRISPR-Cas types and at least 29
subtypes have been reported to date and the list is increasing at a fast rate (Adli, 2018; Hille
et al., 2016). Due to the reprogramming ability, RNA guiding, and single nuclease
requirement, researchers quickly developed genome editing tools based on the CRISPRCas system (Ran et al., 2013).
The type II-based CRISPR-Cas9 system requiring only a single Cas protein is the
most widely and frequently used CRISPR-Cas system for genome editing. The Cas9
protein utilized in this system is isolated from Streptococcus pyrogenes (SpCas9) (Jiang et
al., 2017). Unlike ZFN and TALEN, where DNA binding and endonuclease domains are
fused from two different proteins, Cas9 itself can perform both these functions. More
importantly, there are two endonuclease domains in Cas9, therefore targeting a single
genomic locus can induce DSBs (Sternberg et al., 2014). The dual RNA (crRNA +
tracrRNA) required for guiding the Cas9 to precise genomic locations has been fused
synthetically to form a single-guide RNA (sgRNA) for simplistic design (Jinek et al.,
2012). The sgRNA is composed of spacer molecule (20-nucleotide) specific for the target
region and the gRNA scaffold (70-90 nucleotide) for Cas9 binding and stability. Upon
Cas9-sgRNA binding, a ribonucleoprotein (RNP) complex is formed. This RNP complex
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searches the whole genome for homology across the spacer region of sgRNA. When a
perfect or near-perfect match is found, the target DNA unwraps, the sgRNA interacts with
the target region through Watson-Crick pairing. If a 5’-NGG-3’ motif (Protospacer
Adjacent Motif, PAM) is present immediately to the target region, the two endonuclease
domains undergo a conformational change and become active. The two activated
endonuclease domains RuvC and HNH cleave the non-complimentary and complementary
strand between 3rd and 4th nucleotide from the PAM, respectively (Fig. 4) (Cong et al.,
2013; Jiang et al., 2017; Jinek et al., 2012; Sternberg et al., 2014).
Compared to ZFNs and TALENs, the CRISPR-Cas9 system is a more versatile,
cost-effective, tractable tool due to several reasons: a) there is no protein engineering
involved, the DNA is targeted by sgRNA which is easier to design and assemble, b) except
sgRNA other components of CRISPR-Cas9 system remains constant, c) multiple genes can
be edited simultaneously by expressing multiple sgRNAs, and lastly, d) higher on-target
and lesser off-target rates make the tool much more effective to generate mutations in a
small period (Chakraborty, 2019; Gaj et al., 2013; Jaganathan et al., 2018; Jinek et al.,
2012; Puchta, 2017). Figure 4 shows the comparison among meganucleases, ZFNs,
TALENs, and CRISPR/Cas9 for specificity, cost, and time. The CRISPR-Cas9 is a
universal toolbox and work efficiently for bacteria, humans, animals, and plants. In this
review, I focused mainly on the plant genome editing with CRISPR-Cas9.
For targeting plant genomes, the most common strategies used are the transient
expression of the Cas9-sgRNA complex in plant cells, stable integration of Cas9-sgRNA
expressing DNA cassettes in plant chromosome/genome and delivery of artificially
synthesized Cas9-sgRNA RNP complexes into plant cells (Chen et al., 2019). Transient
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expression of Cas9-sgRNA can be achieved by bombarding plant cells and then
regenerating cells without selection pressure. T0 plants are screened for mutations and due
to no selection pressure transgene-free edited plants can be obtained. Transiently expressed
and artificially synthesized Cas9-sgRNA complexes offer the advantage of generating
transgene-free edited plants in one generation (Chen et al., 2019; Woo et al., 2015; Zhang
et al., 2016). Moderate success with transient expression has been achieved in some plant
species but for complex polyploid species generating transgenic plants stably expressing
Cas9-sgRNA is the preferred method (Andersson et al., 2018; Kim et al., 2017; MetjeSprink et al., 2019; Svitashev et al., 2016).
CRISPR-Cas9 system has been adopted very quickly in the model plants
Arabidopsis and rice and crops. Researchers have optimized every aspect of the CRISPR
editing tool for efficient genome editing in plants. As noted previously, the crRNA and
tracrRNA have been fused to form sgRNA. The expression of Cas9 and sgRNAs is derived
from two different promoters. In monocots, the constitutive Cas9 expression is derived by
strong maize Ubiquitin (pZmUbi) promoter (Zhang et al., 2019). Additionally, egg cellspecific promoters have been utilized in Arabidopsis with promising results (Wang et al.,
2015). The sgRNAs are transcribed by RNA polymerase III promoters such as U3 and U6
promoters. These Pol III promoters are strong in deriving sgRNA expression and lead to
higher efficiency than other promoters (Li et al., 2020; Liu et al., 2020). In wheat, a detailed
comparison of TaU3, TaU6, OsU3, and OsU6 promoters demonstrates that the TaU3
promoter is best among the four (Li et al., 2020). Another important aspect of CRISPRgenome editing is multiplex genome editing by simultaneously expressing multiple
sgRNAs targeting multiple genes. This became possible with the self-cleaving activity of
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ribozyme or transfer-RNA based sequences incorporated within two sgRNAs. This led to
cleavage and maturation of individual sgRNAs after simultaneous expression under one
promoter (Hashimoto et al., 2018; Qi et al., 2016; Wang et al., 2018). Multiplex gene
editing has many advantages, for example, the mutations can be combined in the tightly
linked genes by multiplex editing, or genes from a same pathway can be mutated altogether
to quantify the effect.
Knockout vs. gene replacement
The most utilized aspect of CRISPR-Cas9 is targeted gene knock-out. In this either the
entire gene is being deleted or a small indel cause frameshift or missense mutations leading
to no or truncated proteins. The DSB repair mechanism initiated after DSB induction
determines the fate of the target region. As mentioned previously, two repair mechanisms
operate in all the eukaryotes: NHEJ and HDR. The NHEJ mechanism is error-prone and
outperforms the HDR also it is the causal mechanism for indel mutations (Bétermier et al.,
2014; Boyko et al., 2006; Cong et al., 2013). The NHEJ induced mutations are mostly
deletions, small frequency is insertions, and rarely or no substitutions. Deletions of any
size ranging from 1-bp to several kilobases have been observed and two sgRNAs targeting
the same genomic loci at some distance can lead to desired sized deletions (Schiml et al.,
2016; Zhang et al., 2019). In a previous report, 99% of total NHEJ mediated mutations in
wheat were due to deletions, and out of these 73.5% were of size more than 10-bp (Zhang
et al., 2019). Another common application of the CRISPR-Cas9 system is gene targeting
or gene replacement. Gene replacement is the insertion of new DNA sequence in place of
the original one (Zhao et al., 2016). After DSB induction, a donor DNA fragment sharing
the homology at the ends with the broken DNA is inserted through the HDR mechanism
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(Feng et al., 2013). The frequency at which HDR operates is very low thus the success rate
of gene replacement is also low (Li et al., 2016). In rice, the gene replacement and targeted
insertion frequency were reported to be 2% and 2.2% respectively (Li et al., 2016). In
mammalian cells, inhibiting the NHEJ mechanism by mutating enzymes involved in the
NHEJ mechanism increased gene replacement frequency (Maruyama et al., 2015).
Efficient gene replacement requires high copy donor DNA availability during DSB
repairing. The use of viral replicons has been utilized in many plant species including wheat
for efficient gene replacement (Gil‐Humanes et al., 2017; reviewed in Li et al., 2019).
These viral replicons utilize the disarmed geminivirus (DNA virus)-based vectors delivered
inside plant cells (Baltes et al., 2014). The viral sequences inside the plant cells are capable
of producing numerous copies of donor DNA due to the rolling circle replication model
(Gil‐Humanes et al., 2017). The viral replicon mediated gene replacement yielded 12-fold
higher gene replacement efficiency than a non-viral mediated system (Gil‐Humanes et al.,
2017). Even though the viral replicons showed an increased gene replacement frequency,
but it is still low and require screening of large number of plants to achieve desired knockins. Moreover, these viral vectors have a limit to carry the heterologous DNA, increased
donor DNA length decreases the viral replication efficiency.
Base editing
Both gene knock-out and gene replacement strategies require the induction of DSB at the
target sites. The gene replacement requires the donor DNA to be transferred inside the cells
along with CRISPR-Cas9 reagents to be incorporated while repairing the DSB. Although
many efficient systems for Cas9-donor DNA delivery are available in plants, the frequency
of gene replacement is very low in crops such as wheat (Li et al., 2016). Moreover, many
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important agronomic traits require only a few variations (mostly substitutions) within the
target gene (Doebley et al., 2006). Achieving desired substitutions using high-frequency
NHEJ mediated DSB repair is almost impossible. To overcome this problem researchers
utilized dead Cas9 (dCas9) and nickase Cas9 (Cas9n) variants fused with DNA deaminase
enzymes to achieve targeted base editing without inducing DSBs. The dCas9 was generated
by mutating both the nuclease domains (D10A in RuvC and H840A in HNH) of Cas9,
while Cas9n has one active nuclease domain and it acts as a nickase (Jiang et al., 2017).
Both dCas9 and Cas9n are unable to induce DSB but can bind to the target region via
sgRNA. This dCas9 and Cas9n has many applications beyond just gene editing. The DNA
deaminase enzymes such as APOBEC1 fused with Cas9n can convert C to T without
inducing DSB (Komor et al., 2016). This strategy is termed as base editing. It has many
potential applications, for example, CRISPR-STOP (Kuscu et al., 2017), in which the Cnucleotide in CGA, CAG, and CAA codons can be edited to T, this will result in the stop
codons TGA, TAG, and TAA. Therefore, any gene harboring a PAM motif can be mutated
to terminate prematurely. In plants, C to T base editing has been achieved in rice and wheat
using the fusions of dCas9 or Cas9n to the cytidine deaminase (Zong et al., 2017). Similar
to cytidine-base editing, adenine-base editing has also been established by fusing Cas9n to
engineered tRNA adenosine deaminase in human cells, rice, and wheat (Gaudelli et al.,
2017; Li et al., 2018). These precise base editors expand the CRISPR-Cas9 toolkit towards
targeted genome substitutions.
Beyond editing: Gene expression regulation using CRISPR-Cas9
Beyond editing, the dCas9 can be used for gene expression regulation as well. The dCas9
binds to DNA strongly and inhibit the binding of RNA polymerase II, therefore it can be
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used as CRISPRi (CRISPR interference) for gene silencing (Qi et al., 2013). Similarly,
dCas9 fused with Kruppel-associated Box (KRAB) can cause stronger and more specific
gene repression (Gilbert et al., 2013). In contrast to repression, dCas9 fused with VP64
(quadruplication of 16-amino acid VP16 transactivation domain from herpes simplex
virus) can induce strong gene expression (Maeder et al., 2013). The fusion of proteins to
the dCas9 served as a tool to modify the epigenome of organisms as well. Epigenomic
marks such as DNA methylation, histone methylation, and acetylation are written or erased
by specific enzymes. Researchers utilized dCas9 for both DNA methylation and
unmethylation at the target genomic loci. DNA methyltransferase (DNMT3A) fused with
dCas9 substantially reduced the gene expression in model organisms by depositing methyl
groups to DNA moieties previously unmethylated (Xu et al., 2016). Similarly, ten-eleven
translocations (TET) proteins carry out the demethylation. The fusion of TET1 to dCas9
leads to a substantial increase in gene expression by demethylating 90% of the genomic
loci (Kohli et al., 2013).
The DNA is wrapped around histones to facilitate packaging inside the nucleus of
the cell. The post-translational modifications at specific positions on the tails of these
histones are stored as epigenetic marks. For an instance, the mono- and di-methylation at
fourth amino acid position lysine of Histone 3 (H3K4me1/2), single acetylation at lysine
27 (H3K27ac), and the H3K4me3 stores the information for active genes, while
H3K27me3 and H3K9me2/3 are repressive histone marks (Bannister et al., 2011). LSD1
is the histone demethylase that removes H3K4me2 marks and thereby reverting the active
status of that gene (Shi et al., 2004). dCas9-LSD1 fusions can remove these histone marks
(Kearns et al., 2015). Similarly, acetyl groups can be deposited at H3K27 by histone
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acetyltransferase P300 through dCas9-P300 fusion proteins (Hilton et al., 2015). This can
turn the genes into active status. Correspondingly, other histone epigenetic marks have also
been modified using the appropriate enzymes fused to dCas9 (Cano-Rodriguez et al., 2016;
Kwon et al., 2017).
Prime genome editing
Recently, David R. Liu’s group took the CRISPR-mediated genome editing to the next
level. They modified the technique to make it more like DNA writing machinery: the prime
editing technique (Anzalone et al., 2019). In prime editing, the nickase Cas9 (H840A
mutation in HNH domain) fused with an engineered reverse transcriptase, searches the
genome, and replace the DNA without double-strand breaks or donor DNA fragment. This
Cas9-RT fusion is programmed to a genomic locus with prime editing guide RNA
(pegRNA). The pegRNA is a fusion of sgRNA to a primer binding site (PBS) and a
template DNA to write the desired genetic code on the target loci. The prime editing
technique holds great potential to transform the entire CRISPR-Cas system. The
application of prime editing in crop plants such as rice and wheat has already been
demonstrated (Lin et al., 2020). This new era of search and replace genome editing will
provide much more freedom to modify eukaryotic genomes.
DNA free genome editing
Most of the CRISPR-Cas9 based genome editing utilized stable integration of Cas9sgRNA into the genomes. This raises the regulatory concern for biosafety pertaining to
genetically modified organisms (GMO). Although, countries like the USA, Australia, and
Japan have stated that the CRISPR-Cas9 edited crops without the transgenes can be
cultivated freely without regulations (El-Mounadi et al., 2020). Removing the transgene
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from the genetic background requires recurrent backcrossing with the parent cultivar. This
takes time and money and for transformation protocols such as particle bombardment
where multiple transgene copies are inserted into the genome, it requires even more
crossing cycles to get rid of the transgenes (Zhang et al., 2019). Moreover, the inserted
activated copy keeps on producing the reagents of genome editing, thus can potentially
cause off-target mutations in subsequent generations (Endo et al., 2015). The integrated
transgene itself can cause problems by inserting inside an endogenous gene, consequently
producing side-effects (Kohli et al., 2003).
To overcome the aforementioned problem, research came up with DNA free
genome editing methods. In this, either the mRNA expressing Cas9-sgRNA, Cas9 nuclease
and sgRNA, or ribonucleoprotein (RNP) complexes of Cas9-sgRNA are delivered inside
plant cells (Metje-Sprink et al., 2019). The major challenge of these DNA free methods is
the delivery of these genome editing reagents inside the cells. The plant cell wall is thick
and impermeable to foreign molecules. Cell wall free protoplasts have been successfully
used as the tissue of choice for entry of these materials (Andersson et al., 2018; Woo et al.,
2015). But protocols for the regeneration of protoplast to form a complete plant is not
available in most of the species (Bhojwani, 2012). In planta and immature embryo particle
bombardment using high-pressure helium guns to deliver the reagents inside the nucleus
has some potential as well (Hamada et al., 2017; Svitashev et al., 2016). More recently, an
interesting carbon dots (CD) based spray on in planta method of gene editing was proposed
for plant genome editing (Doyle et al., 2019). The RNP complexes were coated onto CDbased nanoparticles and sprayed onto the plant tissues. Mutations were recovered but the
heritability if the mutations have not been observed. Similarly, several nanoparticles have
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been tested for their efficiency in moving inside plant cells and the rate of mutation
induction. These methods are promising to avoid the side-effect of transgene integration.
But the mutation rate obtained using these methods is significantly lower as compared to
stable transformants (Cunningham et al., 2018). These methods are still evolving need
improvement to increase efficiency.
Genome editing in wheat
The model organisms such as Arabidopsis, tomato, and rice have seen a tremendous use of
CRISPR-Cas9 for genomic modification. This is evident from the number of articles
published in the last several years utilizing CRISPR-Cas9 in model species, especially in
rice. Compared to the model species, wheat is lagging in the use of the CRISPR-Cas9
system for genetic modifications (Borrill, 2019). The major reason for wheat to losing in
the race is its large, polyploid, and highly repetitive genome, recalcitrance to genetic
transformation and tissue culture, and low frequency of CRISPR-Cas9 induced mutations
(Zhang et al., 2019). In 2018, a highly annotated genome sequence of hexaploid wheat was
made available in the public domain (Appels et al., 2018). After the genome sequence came
out, wheat has seen a surge in the application of the CRISPR-Cas9 system. Continuous
improvement in the CRISPR-Cas9 system and a better understanding of the system will
enable us to find solutions to improve CRISPR-mediated genome editing in wheat in the
coming few years.
The CRISPR-Cas9 system offers several advantages over non-specific mutagenesis
approaches such as Targeting Induced Local Lesions in Genome (TILLING) in wheat.
Being a polyploid specie with three genomes, wheat has three related gene copies for most
of its gene, called the homoeologous genes. These homoeologous genes are highly similar
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and mostly redundant in function (Ramírez-González et al., 2018). Therefore, by mutating
a single gene from the homoeologous group will not ensure the complete phenotypic
outcome (except for the dominant mutations), called the buffering effect (Krasileva et al.,
2017; Pumphrey et al., 2009). But, with CRISPR-Cas9 all the homoeologous genes can be
mutated simultaneously, without altering other genes, to achieve the maximum phenotypic
effect (Wang et al., 2014). The stably inserted transgene remains active in subsequent
generations as well, therefore all the homoeologous copies can be mutated in subsequent
generations and then combined through genetic crossing (Zhang et al., 2019). This saves
time and resources as compared to TILLING where multiple random mutations need to be
cleared from the genetic background through several backcrosses.
The first report on CRISPR-Cas9’s use in wheat came out in 2014, a group of
researchers from China edited the wheat TaMLO genes, consequently providing a broadspectrum resistance to powdery mildew (Wang et al., 2014). By now, many agronomically
important genes such as those involved in seed size development, disease resistance,
inflorescence architecture, tillering, drought tolerance, root development, glutenin
reduction in seeds, seed dormancy, many other agronomic traits have been exploited using
CRISPR-Cas9 (reviewed in (Kumar et al., 2019)).
Genes and QTLs governing grain yield and number in cereal crops
Production or yield is a complex trait and involves several factors including the apogee of
a diverse array of vegetative and reproductive processes and their interplay with
environmental factors (Quarrie et al., 2006). Two components determine grain yield; the
number of grains per m2 and grain weight (Arora et al., 2017). The grain weight is
determined by grain length, width, and area, and these traits are inherited stably and show
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higher heritability than overall yield (Kuchel et al., 2007). Modern breeding utilized the
Reduced height (Rht) dwarfing genes for improving grains per m2 and eventually increased
yields in wheat. These semi-dwarf wheat varieties contributed to the Green Revolution in
the 1960s and 1970s by increasing the harvest index (Bonneau et al., 2013). Since the era
of the Green Revolution, no breakthrough has happened to increase the wheat yield
drastically. Advances in wheat genomics and its applications in crop improvement seem to
be the most promising for gaining a quantum increase in yield (Borrill, 2019). Significant
advances in the understanding of wheat plant and grain biology must be achieved to
increase absolute yields and to protect the crop from losses caused by biotic and abiotic
stresses (Abhinandan et al., 2018). A rapid paradigm shift in science-based developments
in wheat genetics and breeding, comparable to the first Green Revolution, will be essential
to meet this challenge (Rasheed et al., 2018). Extensive research has been carried out to
increase the grain number (GN) from the past 100 years (Fischer, 2008), but now further
gain in GN seems less likely and we have to shift towards grain size (GS) or grain weight
(GW) to address the question of food security (Li et al., 2017).
Grain size and grain number related genes are the most important traits controlling
wheat yield. These are the most favorable targets of researchers working with CRISPRCas9 systems in wheat. Rice is the model organism for the study of cereal crops. Many
genes and QTLs controlling grain size and weight have been identified in rice as well as
Arabidopsis in the past many years. Using the information obtained from these model
crops, a small number of QTLs/genes have been identified in other cereal crops as well
such as wheat, maize, barley (Kesavan et al., 2013). A lot of these genes are common in
rice and Arabidopsis, with conserved pathways. Considering this fact, comparative
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genomics tools were applied to find out the orthologous of GS/GW genes in wheat (Li et
al., 2017). These genes mainly function in three genetic pathways: proteasomal
degradation, G-protein signaling, and phytohormone signaling (Reviewed by (Li et al.,
2015; Orozco-Arroyo et al., 2015; Zuo et al., 2014b)). Both positive, as well as negative
regulators of GS/GN, have been identified, some of the positive regulators of GS are under
negative regulation of micro RNAs (reviewed by (Li et al., 2017)). The positive regulators
can be bred into the elite cultivars through traditional plant breeding as well as markerassisted breeding, while reverse genetic approaches such as genome-editing and TILLING
mutations can be deployed for knocking-out the negative regulators (Li et al., 2017; Zuo et
al., 2014b). Positive regulators of GS/GW identified either in rice or Arabidopsis are
BRASSINOSTEROID UPREGULATED 1 (BU1), DWARF and LOW TILLERING (DLT),
GRAIN SIZE 5 (GS5), GRAIN INCOMPLETE FILLING 1 (GIF1), GRAIN SIZE 2 (GS2),
Squamosa promoter Binding Protein Like (SPL) gene family, and negative regulators
identified are GRAIN SIZE 3 (GS3), DENSE and ERECT PANICLE 1 (DEP1), GRAIN
LENGTH (GL3), GLYCOGEN SYNTHASE KINASE 2 (GSK2), THOUSAND GRAIN
WEIGHT 6 (TGW6), GRAIN WEIGHT (GW5) (Fig. 6) (Li et al., 2017).
SPL gene family
Klein et al. (1996) reported a new class of DNA binding proteins named Squamosa
promoter Binding Protein (SBP1 and SBP2) based on their ability to bind to the promoter
regions of floral meristem identity gene SQUAMOSA (SQUA) in Antirrhinum majus.
They predicted these genes to be transcription factors (TF) and found their role in
regulating early flower development in A. majus. Since then many related proteins have
been identified in major plant species including Arabidopsis, rice, maize, and wheat. Their

31

role as TFs in many different aspects of plant development ranging from leaf development,
phase transition, plant architecture formation, ripening and fruit development, cell, and
grain size control and copper homeostasis has been experimentally proved (reviewed by
(Preston et al., 2013)). All the genes carrying the SBP domain are covered under one branch
of the SQUAMOSA Promoter-Binding Protein Like (SPL) gene family. The SBP domain
is 76 to 79-amino acid long, highly conserved, and sufficient for localizing the SPL proteins
into nucleus and DNA binding (Yamasaki et al., 2004). The domain consists of DNA zinc
finger motif with two Zn2+-binding sites; Cys-Cys-His-Cys (C2-H-C) and Cys-Cys-CysHis (C3-H), and a bipartite nuclear localization signal (NLS) located at the C-terminal of
SBP domain and partially overlapping with the second Zn2+ binding site (Birkenbihl et al.,
2005; Yamasaki et al., 2004). The NLS facilitates the transportation of the SPL proteins
into the nucleus, and the zinc finger motif binds to the TNCGTACAA cis-regulatory
element (Cardon et al., 1999), with GTAC as the core motif (Birkenbihl et al., 2005).
SPL gene family is a small but diverse gene family of TFs conserved throughout
the plant kingdom. Availability of highly annotated genomic sequences has revealed 17,
19, 13, and 31 non-redundant SPL genes in Arabidopsis, rice, Physcomitrella patens
(moss), and maize, respectively (Arazi et al., 2005; Chen et al., 2010; Hultquist et al.,
2008). In diploids T. urartu and A. tauschii, 19 orthologous SPL genes have been identified
based on the sequence homology of SBP domain from rice and Arabidopsis (Wang et al.,
2015), and 58 homoeologous SPL genes were identified in T. aestivum cv. CS (Cao et al.,
2019)
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Structure of SPL genes and their interaction with micro RNA 156
The SPL genes vary greatly in the number of exons, size of gene, and protein. In
Arabidopsis, the shortest SPL protein is AtSPL3 with 131 amino acids, while the AtSPL12
is the largest with 927 amino acids (Cardon et al., 1999). In hexaploid wheat, the number
of exons varies from 2 in TaSPL13 to 12 in TaSPL6/15 and the size of protein varies from
192 amino acid in TaSPL13 to 1129 amino acids in TaSPL15. Although the number of
exons differs greatly among the members of the gene family, in most of the land plants the
SBP domain is encoded by first and second exons (Chen et al., 2010). Moreover, homology
among other regions of the genes other than the SBP domain point towards the presence of
other short domains. The functions of these small domains are largely unresolved and need
experimental validation (Mao et al., 2016). Among these domains and motifs conserved
across some members of the SPL gene family is micro RNA 156/157 (miR156/157) (H.
Wang et al., 2015). Almost half of the SPL gene family members harbor a micro RNA
responsive element (MRE) in either their last exon or in the 3’-untranslated region (UTR)
(Wang et al., 2015). Eleven out of 17 genes in Arabidopsis and 19 genes in rice, and 9 out
of the 19 wheat SPL genes carry the miR156 MRE in their last exon of the 3’-UTR
(Gandikota et al., 2007; Wang et al., 2015; Wang et al., 2015). The miR156-SPL module
is present in all the land plants including the moss and the higher plants but missing in the
green algae Chlamydomonas reinhardtii (Molnár et al., 2007),

suggesting that the

miRNA156-SPL module is conserved across the plant kingdom and these two emerged
simultaneously in the land plants. All the genes under the negative regulation of miR156
are short and have fewer domains than the genes without miR156 MRE (Wang et al., 2015).
The miR156-SPL module acts as a regulatory hub for many agronomically important traits,
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the most important of which is vegetative and reproductive phase transition. The other
functions of the miR156-SPL module include plastochron length, branching/tillering, leaf
angle/panicle branch angle/tassel branch angle, ripening, fruit development, grain width,
biotic and abiotic stresses (Wang et al., 2015). Here I review the role of SPL gene family
members in phase transition, grain size, plant architecture, and some other documented
functions.
Phase transition
The phase change in pants is marked by three distinct phase transitions: vegetative phase
change, reproductive/floral transitioning, and meristem identity (MI) transition
(Yamaguchi et al., 2009). The vegetative phase change is marked by a change from juvenile
to the adult phase, the reproductive transitioning is marked by the cease of vegetative
growth and initiation of reproductive phase-specific leaves such as cauline leaves in
Arabidopsis and flag leaf/inflorescence in rice and wheat (Poethig, 2003). The MI
transition is followed by the initiation of reproductive specific organs, and the shoot apical
primordia give rise to the actual reproductive structures, flowers/spikelet. The miR156
levels are higher in juvenile plants and keep on decreasing with aging (Wu et al., 2009).
Simultaneously the levels of the SPL proteins are lower in the juvenile phase and keep on
increasing with the age of the plant (Fig. 7) (Wu et al., 2009). The ratio of miR156 to SPL
determines the fate of the vegetative to reproductive transition. A higher ratio of
miR156/SPL keeps the plants in the vegetative phase, while a lower ratio signals the plants
for transitioning to the reproductive phase (Wang et al., 2015). Overexpression of miR156
in Arabidopsis leads to delayed flowering and an increased number of rosette leaves
(vegetative leaves). While overexpression of AtSPL3 resulted in reduced rosette leaves and
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early onset of flowering (Yamaguchi et al., 2009). Thus, the miR156-SPL module acts as
a regulatory switch for the phase transition. Earlier the expression of miR156 was thought
to be regulated in an autonomous pathway through environmental cues like day length,
temperature, and stress conditions. But lately, researchers identified that defoliation leads
to an increase in levels of miR156 and delayed flowering (Yang et al., 2011). This
suggested a role of secondary messenger controlling the expression of miR156 genes in
leaves. Sugars are thought to be those second messengers, as some disaccharides and
hexoses were proven to repress miR156 expression. Contrastingly reduced photosynthesis
and low levels of sugars increase miR156 expression and cause delays in the vegetative
phase transition (Yang et al., 2013; Yu et al., 2013). The miR156-SPL module regulates
vegetative to reproductive phase transition via the activation of major flowering genes
including LEAFY (LFY), FRUITFUL (FUL), APETALA1 (AP1), FLOWERING LOCUS
T (FT) and FD (Jung et al., 2016; Yamaguchi et al., 2009).
The MI transition timing determines the actual flowering time of the plants.
Adequate vegetative development is crucial for the fitness and survival of flowering plants
(Poethig, 2003). LFY, AP1, and FUL are positive regulators of the MI transition in
Arabidopsis, and their transcript level rises just before the MI transition (Hempel et al.,
1997). LFY is considered to be the master regulator of MI transition with the most severe
effects on flowering by loss of function LFY mutations (Weigel et al., 1992). AP1 and FUL
single mutants also exhibit a significant delay in flowering but the severity is less than LFY
mutants (Bowman et al., 1993; Ferrándiz et al., 2000). SPL protein levels also rise during
developmental transitions and their role in flowering initiation is well established in
Arabidopsis and other plant species (Schmid et al., 2003; Wu et al., 2006). A connection
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between the miR156-SPL module was established when the AtSPL3 was found to be
involved in early flowering development in Arabidopsis via an AP1 dependent and
independent pathway (Cardon et al., 1997).
AtSPL3 is the smallest SPL proteins of all with an amino acid length of 131 in
Arabidopsis, OsSPL13 and TaSPL13 are the orthologues of AtSPL3. The protein of
AtSPL3 and OsSPL13 encodes only the SBP domain, any other domain has not been
identified on the protein. This gene is under the negative regulation of miR156 as it harbors
MRE in its 3’-UTR. It is the only gene among the SPL gene family in wheat whose MRE
is located in the 3’-UTR. Yamaguchi et al. (2009) found that AtSPL3 is a direct upstream
regulator of LFY, FUL, and AP1, this connected the dots between the SPL-miR156LFY/AP1/FUL regulation of reproductive phase transition. Further evaluation of other SPL
proteins, AtSPL9/10/11/15, found to be involved in upregulating the miR172 which targets
APETALA2 (AP2) related TFs and releases the flowering inducer FT from their negative
regulation (Wu et al., 2009). Thus, a miR156-SPL-LFY/AP1/FUL1-miR172-AP2-FT
module co-integrate to modulate reproductive transitioning. Despite having the SBP
domain, the smallest SPL protein AtSPL3 lacks the discrete transcriptional regulatory
domains. Moreover, the GAL4 DNA-binding domain (GD)-AtSPL3 fusion proteins were
unable to activate the β-glucuronidase (GUS) reporter gene in Arabidopsis protoplasts
(Jung et al., 2016). This suggests the dependency of AtSPL3 to interact with other proteins
for transcriptional activity. A series of experiments including In vitro pull-down assay and
bimolecular fluorescence complementation assay (BiFC) showed that the AtSPL3 interacts
with FLOWERING LOCUS D (FD) and in turn activates the floral meristem identity genes
LFY, FUL1 and AP1 (Jung et al., 2016). The FD protein itself cannot bind to the promoters
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of these genes In vitro (Abe et al., 2005; Wigge et al., 2005). Therefore, AtSPL-FD acts
synergistically to each other to activate the floral meristem identity genes.
Grain size, plant architecture and yield
OsSPL13 and TaSPL13 share the highest homology for their proteins with AtSPL3 and they
fall into the same clade. Genome-wide association studies on grain length and weight
identified a quantitative trait locus named GRAIN LENGTH AND WEIGHT ON
CHROMOSOME 7 (GLW7) responsible for longer grains in japonica rice (Si et al., 2016).
This GLW7 allele alone explained 30% of the variance in grain length and 25% variance
in grain weight in the japonica population. The qRT-PCR analysis and transgenic screening
analysis revealed that the long grain phenotype is associated with a 6-bp deletion in 5’UTR of the OsSPL13. OsSPL13 expressed specifically during floret development and
increased cell size and grain yield. The OsmiR156 in the 3’-UTR was not evaluated for its
role in grain yield in this study, but the pOsSPL13:: GUS-mOsSPL13 (promoter from
OsSPL13 and mutant OsmiR156) showed GUS expression in leaves and lemma and plea,
while the pOsSPL13::GUS-OsSPL13 (promoter from OsSPL13 and WT OsmiR156) had
no GUS expression in leaves but GUS expression in lemma and palea did not change (Si
et al., 2016). Another SBP domain-containing gene OsSPL14 was found to define the ideal
plant architecture (IPA) in rice (Jiao et al., 2010). The OsSPL14 allele which defines IPA
is determined by an SNP in the OsmiR156 MRE coding region of OsSPL14. The SNP in
the MRE site perturbs OsmiR156-regulation of OsSPL14 and generates plants with reduced
tiller number, increased lodging resistance, and enhanced grain yield by increasing panicle
branching. This allele of OsSPL14 is designated as the IDEAL PLANT ARCHITECTURE
1 (IPA1). Another study published on the same day found that the OsSPL14 promotes
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panicle branching by increased expression in young panicles while reduce tillering by
increased expression in vegetative tissues. Because of increased panicle branching, they
termed the gene as WEALTHY FARMER’s PANICLE (WFP) (Jiao et al., 2010). Similar to
the IPA1/WFP, GRAIN WEIGHT 8 (GW8) is another important member of the SPL gene
family and controls grain size and shape in rice (Wang et al., 2012). GW8 locus is
synonymous with OsSPL16 and it is a positive regulator of cell proliferation during grain
filling. Higher expression of OsSPL16 in rice increase the thousand-grain weight.
Conversely, a loss of function mutations makes the grains slender and better quality of
appearance in basmati rice (Wang et al., 2012). TEOSINTE GLUME ARCHITECTURE 1
(TGA1), is orthologous to the rice OsSPL16 gene and it is a major domestication gene in
maize (Wang et al., 2005). Mutations in the TGA1 gene lead to the liberation of kernels
from the hardened, protective casing surrounding the kernels. This key event was
responsible for the evolution of maize inflorescence architecture and exposed the kernels
to the surface of maize ears and make them readily available for human consumption
(Wang et al., 2005).
Fine-Tuning SPL gene expression
GLW7, IPA1, and GW8 are positive regulators of GW, GS, and panicle branching
respectively in rice. These alleles resulted due to increased expression of OsSPL13,
OsSPL14, and OsSPL16 genes. Being transcription factors, these genes have pleiotropic
effects, for example, OsSPL14/16 affects tiller number as well as panicle number (Jiao et
al., 2010; Wang et al., 2012). Therefore, very high expression is not always beneficial and
can have negative pleiotropic effects. For example, OsSPL14/IPA1 has two alleles ipa11D and ipa1-2D, the former has more expression than the latter (Zhang et al., 2017). The
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lower expression levels in ipa1-2D generate plants with an optimal number of tillers and
panicle size and higher yield than both ipa1-1D and WT plants (Wang et al., 2017; Zhang
et al., 2017). Considering these results in mind, Wang et al., proposed fine-tuning SPL gene
expression for increasing rice productivity (Wang et al., 2015). OsSPL13/14/16 genes are
under the negative regulation of miR156. The miR156 binding site can be modified to finetune the expression of these genes (Wang et al., 2017). The miRNAs are approximately
22-nucleotide long and variations among these have variable effects on miRNA binding
and mRNA degradation. Some variations in MREs show reduced pairing to miRNA, while
some completely disrupt the pairing (Jones-Rhoades et al., 2006). The ipa1-1D allele is a
variation completely abort the binding of miR156 to its MRE (Jiao et al., 2010). The GLW7,
IPA1, and GW8 allelic variations are not available in wheat TaSPL13, TaSPL14, and
TaSPL16 genes. The MRE binding sites of these genes can be genetically engineered using
CRISPR-Cas9 to fine-tune the expression of these genes to enhance productivity and
improve plant architecture in wheat. TaSPL13 is the smallest SPL gene with 192 amino
acids. This is the only SPL gene in wheat harboring MRE in the 3’-UTR. Therefore,
CRISPR-Cas9 can be utilized for modifying the MRE without altering the coding region
using.
Other functions of SPL genes
Besides their role in phase transition and plant productivity, there are plenty of other
interesting roles of SPL genes. Eight SPL genes in Arabidopsis are required for proper leaf
development. Among these 8 genes, AtSPL3/4/5 regulate trichome distribution, cell
number and cell size in the first leaf, AtSPL2/10/11 control the laminar shape at the
vegetative phase, and AtSPL9/15 control the leaf shape (reviewed in (Chen et al., 2010;
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Preston et al., 2013)). Along with leaf development, SPL gene LIGULELESS 1 (LG1) in
rice and maize, are critical for the development of ligules, auricles and laminar joints (Lee
et al., 2007; Yu, 2019). SPL genes participate in gibberellic acid (GA) response in
development as well. AtSPL8 was found to regulate many traits related to flower formation
and also it alters the expression of genes related to GA signaling in a tissue-dependent
manner (Unte et al., 2003; Zhang et al., 2007). The Colorless non-ripening (Cnr) locus of
tomato critical for tomato fruit ripening encodes an SPL protein and is regulated by miR156
(Manning et al., 2006). Some SPL genes are found to play roles in biotic and abiotic stress
responses, AtSPL7 plays important roles in copper homeostasis during low copper
conditions by targeting genes encoding for several copper transporters and copper
chaperons (Yamasaki et al., 2009). AtSPL14 is required by fungal toxin fumonisin B1
(FB1) to induce programmed cell death (PCD) in plants (Stone et al., 2005).
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Figures and Figure Legends:

Fig.1. Origin of tetraploid and hexaploid forms of wheat. The flowchart shows the A,
B, and D genome donors of tetraploid and hexaploid wheat. MYA: Million Years Ago.
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Fig.2 Chromosomal view of polyploid wheat. Allohexaploid wheat (T. aestivum,
AABBDD, 2n = 6x = 42) has three sets of related genomes. Each set has 7-chromosomes
termed chromosome/group 1 to 7. The chromosomes among the groups significantly share
similarity and collinearity, therefore termed homeologous chromosomes. Each
chromosome has a homologous partner making total chromosome count to 42. The Pairing
homoeologous 1 (Ph1) locus is represented on the long arm of chromosome 5B.
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Fig. 3 DSB repair by NHEJ and HR. Non-homologous end joining (NHEJ) and
Homologous recombination (HR) are the two conserved pathways of DSB repair among
eukaryotes. NHEJ is error-prone and can cause gene disruption. While HR is error-proof
and can lead to gene insertion via recombination to a template DNA.
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Fig. 4 Mechanism of CRISPR-Cas9 genome editing.Cas9 and sgRNA forms a complex
and search for target across the genome. Perfect or near-perfect match with target followed
by an NGG PAM motif activate Cas9 endonuclease domains RuvC and HNH. A DSB is
induced, which can be either repaired through error-prone NHEJ or error-free HR. The
consequences of NHEJ and HR are mentioned.
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Fig. 5 Comparison of specificity, cost, and time among meganucleases, ZFNs,
TALEN, and CRISPR-Cas9. CRISPR-Cas9 has the highest specificity and lowest cost
and time required for site-directed genetic changes. Specificity decreases with TALEN,
ZFNs, and meganucleases in this order while the cost and time increase.
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Fig. 6 Major GS regulatory genes and genetic pathways in the model plants rice and
Arabidopsis. The components in blue were from Arabidopsis, those in red from rice, and
those in black from both rice and Arabidopsis. APG, GS2, GS5, FER, GIF1, GLW7, GW7,
GW8, HGW, IPA1, and SRS5 function in unknown pathways. References to individual
genes can be found in Supplementary Table 1. Modified from Li and Yang (2017) with
permission.
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Fig. 7 Interaction between miR156 and SPLs to modulate the phase transition in
plants. With aging, the levels of miR156 go down, while the levels of SPL transcripts go
up. Decreased levels of miR156 and increased levels of SPLs leads to an accelerated
reproductive phase transition.
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CHAPTER 2: Overview of genotyping strategies for NHEJ-based CRISPR-Cas9
mutations in hexaploid wheat: a case study-based approach.
Abstract
CRISPR-Cas9 is a versatile tool for genome engineering in eukaryotes. It has
revolutionized the field of molecular biology and crop improvement. The genome of an
organism is targeted using 20-nucleotide long RNA and cleaved at both the strands by the
Cas9 endonuclease at the target site. The double-strand is repaired at >90% of the times by
non-homologous end joining (NHEJ) leading to random insertions or deletions (indels) at
the point of breakage. Detecting these indels is the major part of the CRISPR program and
relatively difficult in polyploid species, like wheat, with low mutation rates. A plethora of
methods are available for detecting mutations, but no method is perfect for all mutation
types. In this review, we shared our experiences of mutation detection and genotyping
protocols from our wheat CRISPR project. Major genotyping platforms, such as mismatch
cleavage assay, restriction enzyme assay, ribonucleoprotein assay, and Sanger sequencing,
have been discussed for their advantages and pitfalls in wheat NHEJ mutation detection.
We also demonstrated a new simple protocol for capturing length polymorphism from
small indels using a nested PCR approach. The new method is easy to operate and costeffective, and can efficiently detect and genotype mutations >3-bp.
Introduction
Rapid advancement in genome editing technologies has revolutionized the biological
sciences and related fields, such as molecular medicine, biotechnology, and crop
improvement. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
together with CRISPR Associated Protein 9 (Cas9) has become the most widely used
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genome editing system due to its tractability. As a two-component system, CRISPR/Cas9
involves a conditional Cas9 nuclease and a single guide RNA (sgRNA) (Doudna et al.,
2014). The sgRNA consists of a 76-nt long guide RNA scaffold in its 3’ end for Cas9binding and a 20-nt long guide RNA for guiding the Cas9/sgRNA complex to search for
the target sequence along the chromosomal DNA (Cong et al., 2013; Deltcheva et al., 2011;
Jinek et al., 2012). When an exact or near-exact match is made between guide RNA and
target DNA and a trinucleotide 5’-NGG-3’ Protospacer Adjacent Motif (PAM) is present
immediately downstream to the DNA target site, Cas9 undergoes a conformational change.
This conformational change in Cas9 activates its two endonuclease domains, RuvC and
HNH. The activated endonuclease domains create a blunt double-strand break (DSB) in
the DNA between the third and fourth nucleotide from the 5’end of PAM motif (Jiang et
al., 2014; Jinek et al., 2012; Jinek et al., 2014). The DSB is subsequently repaired by the
error-prone non-homologous end joining (NHEJ) or by the error-free homologous
recombination (HR) (Puchta, 2017; Puchta et al., 1996). While HR leads to gene correction
or replacement (Puchta et al., 1996), NHEJ causes insertion, deletion and other mutations
at the cleavage locus (Gao, 2018; Lieber, 2010; Puchta, 2005; Symington et al., 2011;
Kovalchuk et al., 2004).
The predominant use of CRISPR/Cas9 technology in plants is to target genes of
interest for knockout via NHEJ for functional analysis and trait improvement (Jaganathan
et al., 2018). In common wheat or bread wheat (Triticum aestivum L.), the most widely
cultivated crop providing ~20% of our daily calorie and proteins, CRISPR/Cas9 has been
used to generate novel variations to improve important traits like grain size and yield
(Wang et al., 2018; Zhang et al., 2016; Zhang et al., 2019), disease resistance (Wang et al.,
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2018; Wang et al., 2014; Zhang et al., 2017), pre-harvest sprouting (Abe et al., 2019), lowgluten content (Sánchez‐León et al., 2018), and drought tolerance (Kim et al., 2018). As
a hexaploid (2n = 6x =42) species of recent origin with three highly similar
(homoeologous) subgenomes A, B, and D (Gornicki et al., 2014), most genes have three
homoeologs present on three homoeologous chromosomes and often function redundantly
(Appels et al., 2018; Ramírez-González et al., 2018). This requires, knocking-out the three
homeologs simultaneously to attain the maximum phenotypic effect. (Borrill et al., 2015;
Krasileva et al., 2017; Uauy et al., 2017; Wang et al., 2014). Stably integrated CRISPRCas9 transgenes transmit to the next generations and stay active. Therefore, multiple
mutations in three homeologs can be achieved in subsequent generations (Wang et al.,
2018; Zhang et al., 2019). Although CRISPR-Cas9 technology is rapidly advancing,
genome modification of wheat using CRISPR-Cas9 still faces certain challenges due to
several major reasons. First, transforming wheat with the large CRISPR-Cas9 containing
cassettes is tedious and inefficient, and yield a small number of T0 events (Adamski et al.,
2020; Puchta, 2017; Zhang et al., 2019). Second, the mutation frequency at T0 stage is very
low as compared to other plants and it is highly unlikely to simultaneously edit all the three
homoeologous genes in a single generation (Adamski et al., 2020; Howells et al., 2018;
Zhang et al., 2016; Zhang et al., 2019). This requires screening of a large number of plants
in the subsequent generations to search desired indels. Third, the polyploid nature of the
wheat genome is not only challenging in generating NHEJ mutations but also in detecting
and genotyping them. The homoeologous genomes have more than 95% similarity over the
coding regions, this offers the advantage that mostly a single sgRNA is sufficient to target
three genomes (Arndell et al., 2019). However, it poses a great difficulty in designing
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homoeolog-specific primers required for PCR-based mutation detection approaches.
Therefore, a cost-effective mutation screening procedure is critical for the timely
identification of desirable mutants from the large populations.
Many methods have been developed for detecting the NHEJ mutations in wheat by
analysis of the sequences containing the sgRNA-binding site, which are amplified
separately for three genomes. While deletions of size >50-bp can be visualized by agarose
gel electrophoresis, small deletions are detected by more sophisticated methods such as
nuclease assays (including T7 endonuclease 1 (T7E1) assay, ribonucleoprotein (RNP)
assay, and restriction enzyme (RE) assay), high-resolution melt curve analysis, Sanger
sequencing, and deep sequencing. All these methods offer certain advantages and
disadvantages over each other. In this article, we are reporting a case study showing the
use, applications, advantages, and disadvantages of different mutation detection platforms.
Also, we propose a novel two-step PAGE-gel based nested PCR approach to detect and
genotype small indels in hexaploid wheat. Our novel method is easy to use, reproducible,
inexpensive, reliable, and can be used for both detecting and genotyping CRISPR induced
mutations.
Enzyme mismatch cleavage assays
At the early stage of genome editing development, enzyme mismatch cleavage (EMC)
analysis was widely used for mutation detection (Cong et al., 2013; Isalan, 2012; Jinek et
al., 2013; Woo et al., 2015; Xie et al., 2013; Yang et al., 2017; Zischewski et al., 2017).
EMC assay routinely uses T7E1 and Surveyor mismatch cleavage enzymes such as CEL1,
CELII, and ENDO1, which have the property to identify, bind, and cleave heteroduplex
DNA formed after denaturation and renaturation of WT and mutant alleles (Mashal et al.,
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1995). Particularly, T7E1 enzymes can differentiate between the homoduplex and
heteroduplex DNA and specifically target the heteroduplex dsDNA. T7E1 identifies the
bulges or kinks in the dsDNA formed due to mispairing of the nucleotides and theoretically
can identify a mismatch of even 1-bp (Gohlke et al., 1994). The previous report suggests
that the T7E1 is more sensitive and outperforms in mutation detection compared to the
Surveyor and thus is the choice of the enzyme for mutation detection (Vouillot et al., 2015).
For enzyme mismatch cleavage assays, a denaturation-renaturation step is included
following PCR. During this denaturation and renaturation step, the PCR products from a
heterozygous plant containing both wildtype (WT) and mutant alleles will form the
homoduplexes as well as heteroduplex DNA (Fig. 1a). In the heteroduplex, the WT and
mutant allele DNA anneal to each throughout their length except at the point of mutation.
This mismatched region of the heteroduplex forms a target site of T7E1 as it produces the
polymorphic structures including kinks and bulges. The T7E1-digested PCR product is
resolved on an agarose gel electrophoresis. For homozygous WT and mutant plants, there
will be a single fragment equivalent to the original PCR product in size; for the
heterozygous plants, where heteroduplex formation has taken place, three fragments are
expected, one large fragment of the original PCR product from undigested homoduplex
WT or mutant alleles, and two small fragments due to the digestion of heteroduplex DNA
indicative of the presence of the mutation (Fig. 1a). The intensity of digested products is
lower compared to the undigested product because the rate of heteroduplex formation is
lower than that of homoduplex formation in the mixture (Fig. 1a).
As mentioned previously, T7E1 outperforms other mismatch cleavage enzymes.
Thus, we used the T7E1 assay for NHEJ-mutation detections in wheat. The use of T7E1
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for mutation detection in wheat requires the target genes to be amplified using genomespecific primers. Primer specificity is very important, otherwise, the inter-genomic
variation in the homoeologous genes can be misidentified as NHEJ mutations. We
deployed T7E1 for the detection of mutation in several genes targeted by CRISPR/Cas9
including TaSPL18, TaTGW6, TaGW2, and TaDEP1, and successfully identified
mutations only in the TaSPL18 (Fig. 1b and c). We screened 93 T1 plants and identified
two deletion mutations of size 16-bp and 83-bp. The mutations site and size were confirmed
using Sanger sequencing. In the remaining populations either there were no mutations
(TaTGW6 and TaDEP1) or the mutations were small (TaGW2-D, 1-bp deletion) and missed
by T7E1 enzyme analysis. Previously we reported, the 1-bp indels usually occur at the
Cas9 cleavage site i.e., between the 3rd and 4th nucleotide from 5’ of PAM and usually
involve an A or T nucleotide (Zhang et al., 2019). But the T7E1 is best in recognizing C
nucleotide

mismatches

(https://www.neb.com/products/m0302-t7-endonuclease-

i#Product%20Information). Therefore, some mutations are out of the scope of the T7E1
assay.
Despite being used extensively for NHEJ mutation detection, the T7E1 enzyme
assay has three major drawbacks. First and most important is cost, one reaction of T7E1
costs about $0.5. For wheat, where large population screening is required, the method
becomes too costly. Secondly, only the heterozygous or biallelic mutations can be
identified (Fig. 1a). Thirdly, several small indels like 1-bp deletion escape digestion. Taken
together, this method is suitable to screen small populations for detecting novel mutations
but not recommended for screening large populations and genotyping of mutations.

88

Restriction enzyme assay
RE assay is one of the methods first used to detect CRISPR mutations in wheat (Wang et
al., 2014). Because REs recognize and cleave specific DNA sequences, guide RNA genes
must be strategically designed so that the Cas9 cleavage site falls within a RE recognition
site. Even 1-bp indel mutations can abort the RE site. RE assay involves PCR amplification
of the sgRNA target site using gene-specific primers, cleavage of the PCR products using
cognate RE, and agarose gel electrophoresis of the digested PCR products. The WT
homozygotes carrying the intact RE site yield two small fragments after complete
digestion, mutant homozygotes or biallelic mutants with altered RE site on both the
homologous chromosomes yield one undigested, large fragment, and the heterozygotes
yield three fragments, two small-sized digested fragments from the wildtype allele and one
undigested fragment from the mutant allele (Fig. 2a). Thus, the PCR-RE assay offers an
easy and reproducible method well-suited for detecting novel CRISPR mutations and
subsequently genotyping. This strategy has been used in several studies to screen the NHEJ
mutations in plants (Feng et al., 2013; Shan et al., 2013; Xing et al., 2014). The PCR-RE
method is highly sensitive and reproducible. A single nucleotide polymorphism within the
RE site is sufficient to abort the RE activity. We utilized this method for detecting several
mutations of size ranging from 1-bp to 100-bp in TaCKX2-3.1. The sgRNA target of
CRISPR induced mutations in TaCKX2-3.1 and TaGW2-A genes (Fig 3). The sgRNA
target site of TaCKX2-3.1 harbors a restriction enzyme site for XcmI. The RE site of XcmI
is 15-Nucleotide long and covers almost the entire length of sgRNA. We screened 231 T2
plants for TaCKX2-3.1 mutations and identified 30 mutations using XcmI RE. In TaGW2A, a 17-bp deletion aborted the XhoI site and we used the XhoI site as a codominant marker
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to genotype the subsequent T2 and T3 generations. These results show that the PCR-RE
method is highly sensitive and reproducible.
PCR-RE assay strongly relies on the loss of a restriction enzyme site, but the
occurrence of RE sites in a preselected target region is not always possible. It limits the
selection of gRNA to only a limited number of genomic loci. Another factor concerning
the use of the PCE-RE method is the cost and availability of REs because routine REs are
less expensive than the rare ones.
RNP assay
The major limitations of T7E1 and PCR-RE methods can be avoided by using the
CRISPR/Cas9-RNP assay approach. This method was initially employed CRISPR/Casderived RNA-guided engineered nucleases (RGENs) in RFLP analysis (Kim et al. (2014)
and later used for detecting the NHEJ mutations in wheat (Liang et al., 2018). Purified
Cas9 protein and in vitro transcribed sgRNA are mixed to form the ribonucleoprotein
complex (RNP), which is used to digest PCR products containing the sgRNA-targeted
region. Because the same sgRNA is used for CRISPR and mutation detection, the RNP
digests the PCR product of the wild type allele containing an intact sgRNA target site, but
it does not cut the mutant PCR product due to disruption of the sgRNA target site by the
NHEJ mutations. As a result, one undigested fragment is expected from the homozygous
mutants, two small fragments are expected from the homozygous WT plants, and all the
three fragments in heterozygous plants containing both the mutant and the wild type allele
(Fig. 4a and b). Ideally, this method is the most suitable method to detect mutations because
it utilizes the sgRNA for mutation detection the chance of missing any mutation is
theoretically zero.
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CRISPR/Cas9-RNP complexes have already been used for DNA free gene editing
in human as well as plant cells (Kim et al., 2014; Woo et al., 2015). Thus, detailed protocols
for purification of Cas9 protein, in-vitro transcription of guide-RNA, and PCR-RNP
digestion are available (Anders et al., 2014; Liang et al., 2018; Zhang et al., 2019). The E.
coli strain Rosetta 2 DE3 expressing the Cas9 from S. pyrogenes, in which the N-terminal
of the SpCas9 protein is tagged with His6-tag followed by maltose-binding protein (MBP)
for

purification,

and

The

pT7-sgRNA

vector

are

available

from

Addgene

(www.addgene.org). We utilized the PCR-RNP method to identify novel mutations and for
genotyping the mutant populations for TaGLW7, TaGW2, and TaCKX2-3.1 (Fig. 5). For
TaCKX2-1 we utilized this method to identify novel mutations, for TaGW2 the method was
used to genotype 1-bp deletion mutation in D-genome (Fig. 5c), and for TaGLW7 the
method was used for both identification of novel mutations as well as genotyping of
mutations (Fig. 5d and 5e).
The cleavage reaction is dependent upon the RNP dosage and the gRNA efficiency.
Alone the Cas9 dosage is very important for the complete digestion of the wild type PCR
products (Fig. 6a). Inactivating the Cas9 after the digestion at 65°C is very important,
otherwise, the DNA-RNP interaction is not broken and DNA becomes too heavy to migrate
in agarose gel (Fig. 6b). The success of the RNP assay is strongly dependent on the
preparation of high-quality Cas9 protein and intact sgRNA. The Cas9 isolation and
purification protocol itself is very tedious and skill intensive. The sgRNA is also very liable
to degradation and requires great skills during handling. Purifying the sgRNA through kits
provide better quality and high yield but increases the cost. Low quality/quantity Cas9 and
degraded/poor quality sgRNA can lead to false-positive outcomes. sgRNA efficiency is
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another concern for RNP assay. We found that sgRNAs with >70% or <30% GC-content
leads to highly inefficient RNP digestions (data not shown). Finally, the PCR product needs
to be monitored for every reaction before digestion. Overloaded PCR products in RNP
digestion reactions can yield false-positive results. Keeping all the pros and cons of the
PCR-RNP method in mind, we suggest the use of this method for novel mutation detection
and not for genotyping. For genotyping, this method can be used where no other method is
available.
Length polymorphism captured by Nested PCR
In our previous report (Zhang et al., 2019), we found 99% of the mutations in wheat are
due to deletions, and 30% of these deletions are larger than 50-bp. These mutations with a
deletion size of 50-bp or more can be detected based on their length polymorphism. The
mutation detection experiment begins with the screening of large deletions. These large
deletions completely disrupt the gene and therefore much desired in gene functional
studies. Moreover, these mutations are easy to identify as well as genotype compared to
smaller indels. We detected several large deletions in TaCKX2, TaGLW7, and TaGW2
showing the length polymorphism. In this article, we will show a 50-bp and 404-bp deletion
in TaGLW7-B, and 353-bp deletion in TaGW2-6D (Fig. 7). These large deletions are
relatively easy to screen and genotype, but the major challenge is detecting smaller indels
of size < 10-bp.
According to our previous study, deletions over 10 bp accounts for 73.5%, and
complex edit mutations account for 25% of the total NHEJ mutations (Zhang et al., 2019).
This suggests that a majority of the NHEJ mutations can be detected based on length
polymorphism. With this, we developed a nested PCR method for screening large
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populations for the NHEJ mutations in wheat. This method is simple, reliable, low-cost,
high-throughput and can detect mutations from a range of 3-bp up to 100-bp by using
polyacrylamide gel electrophoresis (PAGE) for very small indels < 15-bp and agarose gels
for large indels. Fig. 8 shows the schematic view of the nested PCR approach of mutation
detection and genotyping. In this method, the genomic region flanking the sgRNA is first
amplified using gene-specific primers, those amplified are analyzed for large deletions
using agarose gel electrophoresis. By using 2-3% agarose gel large deletions of size > 50bp can be easily detected. Further to detect small mutations the PCR product is diluted
1:200 with water and again amplified using a primer surrounding the sgRNA with a product
size not exceeding 300 bp (Fig. 8a). For the second round of amplification the primer needs
not to be genome-specific, thus a common primer pair can work for A, B, and D genome.
After completion of amplification after the second round of PCR, integrating a
denaturation-renaturation step increases the formation of heteroduplexes in the
heterozygous mutant alleles (Fig. 8b). The nested PCR product is analyzed on 8% PAGE
for detecting small indels of size < 15-bp and on 3% agarose gel for indels < 15-bp. The
heterozygous small indels can be identified very efficiently due to the presence of
heteroduplexes in the gel (Fig. 8). The identification of heteroduplexes makes this method
very attractive for detecting novel mutations of small size.
The choice of two-round PCR over one-round is due to two reasons. Firstly, large
deletions can be identified in the first round, and secondly, common primers can be used
in the second round as genome-specific primers in the coding regions are difficult to design.
The method is very simple and easy to use; the primers are easy to design as compared to
genome-specific primers. The only consideration is the internal structures in the primer
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pairs. The size of the nested PCR product is an important aspect of concern, as the size
increases the resolution power decreases and the detection of very small deletions like 3 to
5-bp becomes difficult. Thus, if the objective is to identify mutations of size less than 8bp, it is advised to design primers with a product size of < 150-bp surrounding the sgRNA
and for an indel of 3-bp a product size of < 100-bp is recommended for the nested PCR.
Other than being inexpensive, this method offers several advantages over the other
mutation detection methods. It requires no additional enzymes like T7E1, restriction
enzymes, or the Cas9. It can be universally used for any sgRNA sequence, irrespective of
the PCR-RE method which restricts the selection of gRNA to only some sequences.
Designing and synthesizing the primers for nested PCR is much easier than synthesizing
the synthetic gRNA used in the RNP protocol. Using the homology of the three genomes,
only a single pair of primers can be designed for simultaneously detecting mutations in the
three genomes of wheat. This method can be reliably used to detect low-frequency
mutations occurring in T0 somatic tissues. We used this approach to genotype 5-bp, 18-bp,
17-bp, and 25-bp deletion in TaGLW7-D, TaGW2-B, TaGW2-A, and TaGLW7-A (Fig. 9).
We used the nested PCR approach to genotype the T2, T3, and T4 populations of
these mutant plants and it turned out to be the easiest, reproducible, and inexpensive
methods for genotyping. We searched the database with several keywords, but we couldn’t
find any article directly stating the use of this method for the detection and genotyping of
small indels generated through the CRISPR-Cas9 approach in wheat. Thus, this is a novel
method that can be utilized for fast, inexpensive, and easy mutation detection in a complex
genetic system such as wheat.
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Sanger sequencing
Any method of mutation detection is followed by Sanger sequencing to characterize the
size and precise location of the mutation event that occurred. It is also used to validate the
structural polymorphism observed on agarose and PAGE gel by using different methods of
mutation detection. Thus, Sanger sequencing is an indistinguishable part of CRISPR/Cas9
genome editing and subsequent mutation detection. Analyzing the homozygous mutant and
WT sequencing chromatograms is easy but the analysis of heterozygous chromatograms is
a bit of a challenge. In general, the sequencing chromatograms from heterozygous plants
contain double peaks starting from the initiation of mutation breakpoint. Resolving this
chromatogram to the mutant of unknown sequence and WT sequence manually is timeconsuming and error-prone. Open access online tools such as DSDecodeM (Liu et al.,
2015)

(http://skl.scau.edu.cn/dsdecode/)

(https://ice.synthego.com/)

provide

and

platforms

ICE
to

CRISPR

resolve

these

analysis

tool

heterozygous

chromatograms to mutant and WT alleles. We developed an easy to use R-programming
based method to resolve these heterozygous chromatograms to mutant and WT alleles with
very high accuracy. The R-code input requires the known WT chromatogram and
heterozygous chromatogram and it generates output in the form of alignment in a very
small time. We deployed Sanger sequencing for validating the mutations identified using
various methods in the genes TaCKX2-3.1, TaGW2, TaGLW7, and TaGW8 and to
determine the size and site of indels (Fig. 10).
Other methods
There are various methods for detecting less common mutations than the above-explained
methods. Deep sequencing is one of the methods utilizing NGS technology to detect
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mutations. In deep sequencing, the target gene is amplified using PCR and then deep
sequenced using one of the available NGS platforms. The advantage of deep sequencing is
that we can detect very low-frequency mutations happening at the somatic cell level. The
disadvantage is that this approach is very expensive and time-consuming.
High resolution melting analysis (HRMA) is a fast, sensitive, and gel-free mutation
detection platform (Bassett et al., 2013). This method involves the use of a fluorescent dye
which fluoresce brightly when bound to dsDNA and low level when not bound. Thus, upon
melting dsDNA the fluorescence brightness is lost and can be detected by a camera.
Different dsDNA molecules melt at different temperatures, and in a mixture of PCR
amplicons of WT and mutant alleles two peaks of fluorescence can be detected (Thomsen
et al., 2012; Wittwer et al., 2003). The 90-150 bp region on the genome targeted by gRNA
is amplified using PCR including a fluorescent dye such as SYBR green. The amplified
DNA is then melted from 55-95°C while capturing the fluorescence. In the PCR product
from the heterozygous plant, two peaks will be indicative of the presence of a mutant allele
(Dahlem et al., 2012; Pasay et al., 2008). HRMA is fast and sensitive but is expensive and
requires the use of a special qPCR machine to record the fluorescence, thus making the use
of this method to resourceful labs.
Single-strand conformation polymorphism (SSCP) utilizes the property of ssDNA
to have different conformation due to differences at the sequence level. The ssDNA with
different conformation migrates at different rates in PAGE gel and thus mutations can be
identified. The method was first used for detecting DNA polymorphisms between two
alleles at chromosomal loci (Orita et al., 1989). In 2016, this method was used for mutation
detection in rice CRISPR-induced mutants (Zheng et al., 2016). The method can identify
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genotype small indels of size < 10-bp, but there are two major disadvantages associated
with this method. First, the size of the PCR product can’t be more than 250-bp, as the size
increases the polymorphism decreases. Secondly, the reproducibility of this method is
approximately 80%, thus, the additional methods are required to validate the mutations
(Mulhardt, 2010).
Conclusion
These results suggest that a single method is not suitable for capturing the entire spectrum
of mutations, and different validation approaches are required to detect novel mutations
induced by CRISPR-Cas9. Usually, the number of T0 plants obtained after wheat
transformation is low. Thus, multiple methods can be utilized to detect novel mutations.
Reproducibility of results and cost-effectiveness is the most important consideration taken
into consideration while choosing a method for genotyping of known mutations. Therefore
a suitable method, both inexpensive and reproducible, should be selected for the recurrent
screening of known mutations in the subsequent generations. Based on our experience, we
found the RNP assay and PCR-RE are the best methods for detecting novel mutations and
nested PCR is the most reliable and inefficient for genotyping of these mutations in
subsequent generations.
Almost all the mutation detection platforms suffer from their inability to capture
small indels of 1-bp. Our previous study shows that these indel mutations of size 1-bp occur
at a very low frequency of around 10% in wheat and almost 73.5% of the mutations happen
due to indels greater than 10-bp. Therefore, in a population with a higher cas9 activity,
more than 70% of the mutations can be easily identified by using these genotyping
strategies. While for the populations with low cas9 activity where every single mutation
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needs to be captured, and/or when the objective is to identify small indels, Sanger
sequencing needs to be utilized.
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Figures and figure legends:

Fig. 1 Schematic view of T7E1 enzyme analysis for the detection of mutations.
Homozygous WT (AA) and the mutant (aa) alleles remain undigested, while the
heterozygous mutant allele (Aa) contains the heteroduplexes that get cleaved into two small
fragments. (Zischewski, Fischer, et al. 2017).
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Fig. 2 Schematic view of using restriction enzyme for detection and genotyping of
CRISPR-induced mutations. Guide RNA is represented by Ns followed by NGG motif
in green color. Restriction enzyme site is marked by underline (*RE site). (a) Loss of
restriction enzyme site upon mutation induction in the sgRNA. WT allele (AA) is digested
into two bands, heterozygous mutant allele lane shows three bands, and homozygous
mutant allele (aa) remains undigested. (b) The gain of restriction enzyme site upon
mutation induction in the sgRNA. WT allele (AA) remains undigested, heterozygous
mutant allele lane shows three bands, and homozygous mutant allele (aa) is digested into
two bands.
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Fig. 3 Genotyping of TaCKX2-3.1 and TaGW2 using the PCR-RE method. (a) and (e)
Structures of TaCKX2-3.1 and TaGW2 and the target sites in exon 1. Red and green
nucleotides indicate target sites and PAM sequences, respectively. Underline nucleotides
represent the restriction enzyme site (XcmI in TaCKX2-3.1-A and TaCKX2-3.1-B, BglI
in TaCKX2-3.1-D, XhoI in all three homoeologous of TaGW2. (b) to (d) digestion of
TaCKX2- 3.1 homoeologous for mutation genotyping. (f) digestion of TaGW2-A with
XhoI for mutation genotyping. (e) Sequences showing mutations and loss of restriction
enzyme site (underlined).
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Fig.4 Migration of RNP digested PCR product on the agarose gel. a) Schematic view
migration of different outcomes from RNP digestion. b) Digestion of TaGSK3-A using the
PCR-RNP approach showing different outcomes. AA: Homozygous WT allele, Aa:
Heterozygous mutant allele, aa: Homozygous mutant allele, UD: Undigested
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Fig.5 Mutation identification/genotyping of six different genes in hexaploidy wheat
using PCR-RNP assay. Genotyping of 17-bp deletion in TaGW2-A (a), 18-bp deletion in
TaGW2-B (b), 1-bp deletion in TaGW2-D (c), 10-bp deletion in TaGLW7-A (d), 25-bp
deletion in TaGLW7-A (e), and 20-bp deletion in TaCKX2-3.1-B.
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Fig. 6 Efficiency of PCR-RNP digestion depends upon the Cas9 dosage per reaction
and the inactivation of Cas9 at 65°C is very important. (a) Increasing Cas9
concentration from 0.1 to 0.7 µg increases the digestion efficiency, from 0.7 to 1 µg there
is no further increase of digestion. (b) Effect of including the 65°C inactivation step after
PCR-RNP digestion.
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Fig. 7. Genotyping of large deletions induced by CRISPR-Cas9. The 353-bp deletion
in TaGW2-D (a) and 404-bp deletion in TaGLW7-B (b) screened using length
polymorphism method.
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Fig. 8 Overall schematic view of the strategy of using a nested PCR approach for
detecting large as well as small indels in wheat. (a) Regions targeted by sgRNA on three
genomes of wheat (A, B, and D) are amplified specifically using genome-specific primers
(colored arrows). This PCR product is analyzed on agarose gel for detecting/genotyping
large indels. For small indels, the PCR product is analyzed through the nested PCR
approach. A common primer for all three gene copies can be used for amplifying a small
fragment from the previous PCR product. This PCR product is analyzed on PAGE gel for
detecting small indels. (b) Outline of nested PCR strategy. Homozygous WT, mutant, and
heterozygous mutant alleles are amplified using nested PCR primers. The PCR product is
denatured and reannealed to form heteroduplexes in the heterozygous mutants. The PCR
product is analyzed on the PAGE gel. AA – wildtype allele, Aa – Heterozygous mutant, aa
– Homozygous mutant allele.
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Fig. 9 The genotyping of five mutant alleles in TaGLW7-A, TaGLW7-D, TaGW2-A,
and TaGW2-B using a nested PCR approach. The upper band in all the pictures is the
WT allele (shown by black arrow) and the lower fragment is showing the deletion mutant
(indicated by the orange arrow). The curly open bracket shows the heteroduplexes formed
between the WT and the mutant allele present in the heterozygous mutants. The sequences
show the sgRNA target (green), the PAM motif (red), deletion (dashes), and size of
mutations (on the right). M is the 100-bp ladder, and numbers indicate different plants in
the population. a) TaGLW7 genotyping, TaGLW7-A1 is 10-bp deletion and TaGLW7-A2
is 25-bp deletion and b) TaGW2 genotyping.

116

Fig. 10 CRISPR/Cas9 induced mutations in target genes. Sequencing chromatograms
of PCR amplicons from the selected T1 mutants and corresponding regions are shown in
(a–d) TaCKX2‐1, TaGW2, TaGLW7, and TaGW8. The PAM sequences and target
sequences are highlighted in green and red, respectively. The dashed lines indicate deletion,
and the blue letters represent substitution. Black dots indicate nucleotides not shown.
(Zhang et al. 2019)
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Chapter 3: Functional evaluation of SQUAMOSA-promoter Binding Protein Like 13
(TaSPL13) gene in wheat for its role in flowering time, plant architecture, grain size, and
grain number.
Abstract
High and stable yield is always a major objective of wheat genetic improvement programs.
The SQUAMOSA-promoter binding protein-like (SPL) genes constitute a small but diverse
family of plant-specific transcription factors with great impact on yield and other major
agronomic traits. However, the functional characterization of the SPL gene family in wheat
is far behind other cereal crops, such as rice. Using the phylogenetic analysis, we identified
56 wheat orthologues of rice SPL genes belonging to 19 homoeologous groups. Among
these 19 orthologous TaSPL genes, 9 harbors the micro RNA 156 recognition element
(MRE) in their last exon except for one gene, TaSPL13, which harbors the MRE in 3’untranslated region (UTR). We modified the MRE of TaSPL13 using CRISPR-Ca9 and
generated 11 mutations in the three homoeologous genes. Expression analysis of 10- and
25-bp deletion in the MRE of TaSPL13-A, and 1-bp insertion in MRE of TaSPL13-B show
~1.7-, 1.85- and 2.25-fold transcription increase, respectively, compared to the wildtype
(WT). The phenotypic evaluation showed that the 1-bp insertion mutation in TaSPL13-B
has the highest impact on decreasing days to flowering, tiller number, and plant height, and
has increasing effects on grain size and number. Our results demonstrate the pleiotropic
effects of TaSPL13 mutations in wheat and functional conservation among the orthologous
SPL13 gene. The TaSPL13 holds great potential in improving wheat yield by
simultaneously increasing grain size and number, and by modifying plant architecture. The
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novel mutations generated in the homoeologs can be utilized in wheat breeding programs
to improve these agronomic traits.
Introduction
The human population is increasing at an unprecedented rate and is expected to reach 9.7
billion by 2050. To feed the increasing population, we need to double our food production
as of now (FAO, 2009). Wheat is the staple food crop of 35% of the world population and
provides 20% of daily calories and proteins (FAO, http://www.fao.org/faostat/). To meet
the demands of the growing world, wheat production also needs to be increased at an
unprecedented rate of 1.7% per annum (http://iwyp.org). Genetic improvement, i.e.,
breeding, has historically played a critical role in increasing crop yield. During the Green
Revolution, the production of both wheat and rice increased tremendously by using the
semi-dwarf genes (Peng et al., 1999; Spielmeyer et al., 2002). Since the Green Revolution,
yield improvement in rice, the model cereal, has greatly benefitted from the identification
and utilization of novel alleles from yield-related genes in addition to heterosis (Huang et
al., 2018; Huang et al., 2012; Ikeda et al., 2013; Qian et al., 2016; Sakamoto et al., 2008;
Wing et al., 2018; Zhang et al., 2017). A large number of yield genes and their alleles have
been identified in rice by forward genetics approaches, such as map-based cloning of
quantitative trait loci (QTL) and screening of the T-DNA insertion libraries (Huang et al.,
2018; Si et al., 2016; Wing et al., 2018; Zhang et al., 2017; Zuo et al., 2014) These yield
genes are conserved between rice and wheat (Li et al., 2017), which are potential candidates
for improving wheat yield by reverse genetics approaches, such as CRISPR-Cas9.
SQUAMOSA-promoter binding Protein-Like (SPL) genes constitute a small family
of plant-specific transcription factors (TFs) (Preston et al., 2013). SPLs regulate a plethora
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of plant developmental and yield-related traits (Chen et al., 2010). In rice, the expression
of several OsSPL genes contributes to the grain yield and plant architecture. The GRAIN
LENGTH and WEIGHT 7 (GLW7) allele of OsSPL13 increase the expression of the gene
and positively regulates cell size in grain hull and enhance grain length and yield (Si et al.,
2016). The GRAIN WEIGHT 8 (GW8) allele of OsSPL16 positively regulates cell division
during grain filling and increases grain width and yield (Wang et al., 2012). The ideal plant
architecture -1d (ipa-1d) (Jiao et al., 2010) and ipa-2d (Zhang et al., 2017) alleles and epiallele WEALTHY FARMER’S PANICLE (WFP) (Miura et al., 2010) OsSPL14 increased
the gene expression, defined a new plant type with reduced tiller number, increased lodging
resistance, and enhanced grain yield (Jiao et al., 2010; Miura et al., 2010). The allelic
variants corresponding to the GLW7, GW8, and ipa1/WFP of rice are not available in
wheat.
The SPL family of transcription factors is well studied in the model plants
Arabidopsis and rice. The SPL genes can be divided into two groups based on the presence
or absence of micro RNA 156/157 (miR156) recognition element (MRE). In Arabidopsis
and rice, 11 SPL genes have MRE out of 17 and 19 respectively (Wang et al., 2015). The
OsSPL13/14/16 harbor the MRE. The miR156 levels are higher during the vegetative phase
and levels keep on reducing as aging (Wang et al., 2009; Wu et al., 2009). Concomitantly,
levels of SPL transcripts increase with the decrease of miR156 levels (Wang, 2014). This
miR156-SPL module acts as a regulatory hub for controlling various plant developmental
features such as phase transition and flowering time, tillering/branching, fruit ripening,
plant architecture, yield, response to stresses (Wang et al., 2015). Therefore, this regulatory
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hub can be engineered to fine-tune the expression of SPL genes for enhanced agronomic
traits.
CRISPR/Cas9 is a powerful tool for site-specific modifications of eukaryotic
genomes (Doudna et al., 2014). This tool can be utilized for target modification of the
miR156-SPL module for enhanced agronomic traits in crops. The MRE of SPL genes can
be specifically engineered to release them from the negative regulation of miR156.
Advanced CRISPR technologies such as base editing or prime editing can be used for the
genes harboring MRE in their coding regions, to avoid altering the coding regions. While
for genes with MRE outside of coding regions, conventional CRISPR-Cas9 can be used.
The core requirement of CRISPR-Cas9 is a trinucleotide 5’-NGG-3’ protospacer adjacent
motif (PAM) (Jinek et al., 2012; Sternberg et al., 2014). For specific SPL gene editing, a
gene-specific guide RNA with PAM motif within or close to the MRE is required. After
meeting the requirement of PAM and complementary base pairing between gRNA and
target SPL gene DNA, Cas9 can induce double-strand breaks (DSBs) at the MRE site
(Cong et al., 2013; Deltcheva et al., 2011; Jinek et al., 2012). The error-prone nonhomologous end joining (NHEJ) repair machinery joins these broken ends can while doing
so can cause mutations in the MRE (Puchta, 2017; Puchta et al., 1996).
The SPL gene family and miR156-SPL module in wheat has not been studied well.
There are few reports on bioinformatics analysis of SPL gene family using the diploid
wheat genome assemblies (Wang et al., 2015; Zhang et al., 2014) and a report on functional
analysis of TaSPL20 and TaSPL21 in wheat haplotypes (Zhang et al., 2017). Another study
on TaSPL16 highlights its role in flowering time and organ size regulation in Arabidopsis
(Cao et al., 2019). Nevertheless, there are significant knowledge gaps in understanding of
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SPL gene family and miR156-SPL module in wheat. To gain insights about some of these
questions, we carried out the phylogenetic analysis and domain prediction of TaSPL genes
in hexaploid wheat. Based on the phylogenetic analysis we identified that the TaSPL13 is
orthologous to rice OsSPL13 and it is the only SPL gene in wheat which carries miR156
MRE in its 3’- untranslated region (3’UTR). Targeting the MRE of TaSPL13 using
CRISPR-Cas9, we developed 12 NHEJ mutations. We subsequently analyzed the
phenotypic effects of both single mutants of TaSPL13-B and TaSPL13-AB. The semidominant mutations in TaSPL13-B and TaSPL13-AB displayed a pleiotropic phenotypic
effect with increased seeds per spike, decreased tillers, increased grain width, reduced
height, and earliness in flowering. Our results show that there is a functional divergence in
TaSPL13 and OsSPL13, and the TaSPL13-B phenotype is a mosaic of OsSPL13/14/16 and
AtSPL3/4/5 phenotypes in rice and Arabidopsis respectively.
Results
Phylogenetic analysis of wheat SPL genes
Searching the wheat proteome sequences (Appels et al., 2018) using the SQUAMOSA
Promoter Binding (SPB) domain as a query led to the identification of 56 TaSPL genes at
19 orthologous loci. The wheat SPL genes are named following their rice homologs for
convenience of comparison (Table 1). Except for TaSPL23, the B-genome copy of which
is missing the wheat reference genome, all three homoeologs are present for the remaining
18 TaSPL genes. Thus, the SPL gene family members are conserved across the species
even after polyploidization.
Phylogenetic analysis of wheat SPL genes together with the rice SPL genes was
conducted to find orthologous genes (Fig. 1a). Sixteen of the 19 OsSPL genes, except the
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homologs of OsSPL11/12/19, found their homologs in the wheat genome. Three wheat SPL
genes did not find any matching orthologue in rice, thus named TaSPL20/22/23. All the
TaSPL protein contains the SBP domain. Except for TaSPL13, the TaSPLs contains one or
more domains in addition to the SBP domain (Fig. 1b). Of the 19 orthologous TaSPLs,
TaSPL2/3/4/7/13/14/16/17/18 carry the miR156 MREs, which are located in the coding
regions except for TaSPL13 (Fig. 1b). Like its rice ortholog OsSPL13, TaSPL13 encodes
the smallest SPL protein only containing the SBP domain and has an MRE in its 3´ UTR.
The group-1 chromosomes carry TaSPL9, the group-2 TaSPL7/8/13, the group-3 TaSPL2,
the group-5 TaSPL6/17/18, the groups-6 TaSPL3/4/5, and the group-7 chromosomes
contain the most of the SPL genes, i.e., TaSPL1/10/14/15/16/20/22/23 (Table 1).
Searching

the

wheat

RNAseq

database

WheatExp

(https://wheat.pw.usda.gov/WheatExp/), we found that all nine miR156-regulated TaSPL
genes are expressed in most of the wheat tissues, with the highest levels detected in spikes
and stems (Fig. 1c and Table 1). Three homoeologs are present in the A, B, and D subgenomes at each orthologous TaSPLs, but not all the homoeologs are expressed equally. In
most cases, one homoeolog is dominant in all the tissues. For example, the B-genome
homoeolog of TaSPL2/7/13/16/18 is predominant (Fig. 1b), suggesting that expression of
the TaSPL genes may have been reprogrammed upon polyploidization. The highest
expression of these genes is in the spikes (Fig. 1b), which suggests their role in spike
development and morphology.
TaSPL10/20/22/23 form a cluster on the group-7 chromosomes (Table 1) and next
to each other in the phylogenic tree (Fig. 1a). We searched the genomes of barley, rice,
maize, sorghum, Brachypodium, and diploid and tetraploid wheat species using protein
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sequence from these genes as queries. Except for tetraploid wheat T. turgidum, all other
species contain only one member. T. turgidum had three similar genes in the collinear
region. Interestingly, the wild emmer wheat (T. turgidum subsp. dicoccoides) also harbored
only one gene. This result indicates that the cluster is specific for cultivated polyploid
wheat, implying that it was probably selected during the domestication of tetraploid wheat
and subsequent improvement of the hexaploid wheat. Within this cluster, TaSPL23 does
not express in any of the eight tissues, TaSPL10/20/23 express in the young and matured
spikes (Fig. 1c), suggesting that subfunctionalization occurred after amplification of these
SPL genes.
Engineering the MRE of TaSPL13 by CRISPR/Cas9
Because the MRE is located in the 3’UTR of the TaSPL13, the NHEJ mutations of small
indels in the MRE is expected to increase the expression of the TaSPL13 genes and will
not change the amino acid sequence the TaSPL13 proteins. To target the MRE, the PAM
motif within or nearby is a prerequisite and was facilitated as the MRE contains two PAM
motifs in the anti-sense strand (Fig. 2a). Due to an SNP in the region upstream of the PAMs
in homoeolog gene copies, two sgRNAs were designed, one for targeting TaSPL13-A, and
another for both TaSPL13-B and -D (Fig. 2a). One sgRNA gene was driven by TaU6.1
promoter, and another by TaU6.3 promoter (Fig.2b). The Cas9 was derived by Zea mays
ubiquitin (ZmUbi) promoter (Fig. 2c). The gene cassette containing the Cas9 gene and
sgRNAs was mobilized into binary vector pLC41 and transformed in wheat immature
embryos by Agrobacterium mediation. The recovered T0 plants were screened for the
presence of Cas9 and sgRNA using the polymerase chain reaction. Two independent
transgenic events were recovered. The transgenic plants were screened by T7 endonuclease
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1 (T7E1) assay or Cas9/sgRNA ribonucleoprotein (RNP) digestion assay for detecting
mutations. No mutations were recovered in T0 plants. Thus, 74 T1 plants derived from the
one T0 plants screened, and two mutations were recovered, a 10-bp and a 25-bp deletion in
the MRE of TaSPL13-A in plants 32 and 38, respectively (Fig. 2d; Table 2). Screening the
T2 progenies of these mutant lines led to the identification of six mutations in TaSPL13-B
and four mutations in TaSPL13-D (Fig. 2d; Table 2). Out of the six mutations in TaSPL13B, two mutations, both of 1-bp insertion, were confined within the MRE. Remaining four
mutations are large deletions expanded into the coding region (Fig. 2d; Table 2).
Interestingly, both the 1-bp insertions were the same nucleotide (Thiamine) inserted at the
same position in TaSPL13-B in two different T2 plants. Both mutations were treated as
independent during phenotypic analysis because they were recovered from different T2
plants. Of the four TaSPL13-D mutations, a 5-bp deletion and a 33-bp deletion occurred
within the MRE, and the other two mutations, a 39-bp deletion and a 75-bp deletion
expanded into the coding region (Fig. 2d). Both the mutations in TaSPL13-A, 1-bp
insertions in TaSPL13-B, and 5-bp deletions in TaSPL13-D were selected for further
evaluation because these mutations do not change the amino acid sequences of the
TaSPL13 proteins.
Although the MRE mutations are gain-of-function in increasing the expression of
the TaSPL13 genes, the double or triple mutations, particularly the double mutations of the
TaSPL13-A and TaSPL13-B, may enhance the phenotype of the mutations. Thus, we
combined the mutations in A-, B-, and D-genome copies by the genetic crossing and
obtained double and triple mutant lines. A double mutant TaSPL13-ab (aabbDD) was
developed by combining the 10-bp deletion in TaSPL13-A and the first 1-bp insertion in
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TaSPL13-B, and a triple mutant TaSPL13-abd (aabbdd) was developed by combining the
25-bp deletion in TaSPL13-A, the second 1-bp insertion in TaSPL13-B, and the 5-bp
deletion in TaSPL13-D.
Quantitative RT-PCR analysis of the mutant lines
The wheat expression database (https://wheat.pw.usda.gov/WheatExp/) shows that among
the three homoeologs, TaSPL13-B has the highest expression in developing spikes at a
level of 321.3 fragments per kilobase per million mapped reads (FPKM) as compared to
TaSPL13-A with only 3.0 FPKM and expression of TaSPL13-D was undetectable (Fig. 1c
and 3a). In addition to the developing spikes, the transcription of TaSPL13-B was observed
in stem and developing grains at a lower level of 13.6 and 11.2 FPKM respectively, while
TaSPL13-A and TaSPL13-D were undetectable (Fig. 1c and 3a).
Because TaSPL13 genes are expressed at the highest level in the developing spikes,
we analyzed their expression in this tissue type of the wild type (WT) and mutant lines
using the qRT-PCR method. We were unable to develop TaSPL13-D-specific qRT-PCR
primers due to extremely high sequence similarity and expression of TaSPL13-D is
undetectably low. Thus we focused our analysis on the TaSPL13-A and TaSPL13-B using
the TaSPL13-ab double mutants (aabbDD), which carries the 10-bp deletion in TaSPL13A and the first 1-bp insertion in TaSPL13-B. Using the universal primers, we found that
TaSPL13-D mutation (Fold change = 0.987 and P = 0.89) did not change the expression of
the TaSPL13 genes as expected. Similar to the RNAseq result in WheatExp, the expression
of TaSPL13-B was found to be at least 10-fold higher than the TaSPL13-A in the WT lines
(P = 0.018, Fig. 3b). We measured the expression of TaSPL13-A in the aabbDD double
mutant containing the 10-bp deletion and the single mutant aaBBDD carrying the 25-bp
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deletion and found that these TaSPL13-A mutations increased the expression of TaSPL13A by ~1.8-fold (P < 0.002; Fig. 3c and d). The 1-bp insertion increased the expression of
TaSPL13-B by 2.25-fold (P = 0.00079) compared to the WT lines (Fig. 3c). The qRT-PCR
results indicated that the mutations disrupted the MREs and released the repression of the
TaSPL13 gene expression by miR156.
The TaSPL13-b/ab/abd mutant lines are early in flowering
We phenotyped the TaSPL13 mutants in the 2019 fall and 2020 spring seasons under
greenhouse conditions and found that the TaSPL13-b/ab/abd plants were early in flowering
as compared to the WT plants in both seasons (Fig. 4a-h, and 5a-e). The WT plants grown
in the fall season headed in 73 days and flowered in 81.8 days and plants are grown in the
spring season headed in 50.3 days and flowered in 60 days. This discrepancy is due to the
increased light intensities in the spring as compared to the fall and due to increased
temperature in the glasshouse. We observed that the TaSPL13-ab mutants headed 11-days
(P = 1.56E-03), flowered 10-days (P = 5.45E-03), and matured 15-days (P = 1.43-09)
earlier in the fall (Fig. 4b, e, g, and h), while in spring the same mutants headed 5 days (P
= 5.62E-06) and flowered 6 days (P = 1.49E-05) earlier compared to the WT plants (Fig.
5b, d, and e). The TaSPL13-b single mutant lines displayed a similar phenotype to
TaSPL13-ab lines (Fig. 4a, d, g and h and Fig. 5a, d, and e). These results show that the
early flowering characteristic of the mutant lines is consistent during different seasons. In
Arabidopsis, AtSPL3/4/5 proteins physically interact with the flowering locus T (FT)-FD
module to facilitate vegetative to reproductive transitioning by direct upstream activation
of LEAFY (LFY), FRUITFUL (FUL), and APETALA1 (AP1) (Yamaguchi et al., 2009). The
wheat TaSPL13 is orthologous to Arabidopsis AtSPL3, and wheat VERNALIZATION 1
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(TaVrn1) is orthologous to Arabidopsis AP1 (Yan et al., 2003). The expression of TaVrn1
was found to be 2.26-fold higher in the double mutant TaSPL13-ab as compared to the WT
(P = 1.7E-09; Fig. 3c). This result suggests that there is functional conservation between
the TaSPL13 and AtSPL3 in terms of phase transition and flowering.
The TaSPL13 mutant lines have reduced tiller numbers and plant height
Along with early flowering, the TaSPL13-ab displayed reduced tillering capacity and plant
height characteristics. The TaSPL13-ab plants during the fall season were 7.17% lower in
height as compared to the WT (from 84.5 to 78.44; P = 0.0479; Fig. 4b, e, and i). Reduced
plant height was accompanied by a reduced tiller number per plant by 33.3% (P = 0.0105;
Fig. 4b, e, and j). The tillers were stronger and bear heavy spikes as compared to the WT.
But during spring season the plant height and tiller numbers of the TaSPL13-ab plants had
a non-significant difference as compared to WT (Fig. 5f and g). The reason for this could
be the reduced plant height (from 84.5 to 72.5 cm) and tiller number (15.6 to 8.6) of WT
plants in the spring season, while the tiller number and plant height for the mutants
remained constant during two seasons. The TaSPL13-b lines had even smaller plant height
and more reduced tiller numbers as of TaSPL13-ab lines (Fig. 5f and g). Thus, the TaSPL13
mutant lines display pleiotropic effects and the phenotypic features are mosaic of rice
OsSPL13/14/16 and Arabidopsis AtSPL3. The early flowering phenotype correlates with
AtSPL3, while the reduced tiller number and plant height converge to ideal plant
architecture (IPA) found in rice (Jiao et al., 2010).
The TaSPL13 mutant lines have higher grain size and grains per spike
Because grain number per spike and grain size are the two important yield components, we
scored these two traits in the mutants and the WT in the two seasons. The main stem spikes
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of TaSPL13-b plants were heavier and bear 118.6% more seeds compared to WT plants (P
= 0.0246, Fig. 6a and d). The spikelet number per spike did not change (P = 0.8194) while
the seed numbers per spikelet increased by 113.75% in TaSPL13-b lines as compared to
WT (P = 0.0213, Fig. 6a and e). The grain area and thousand-grain weight (TGW) of the
TaSPL13-b plants also increased by 111.53% (P = 7.3E-06, Fig. 6f) and 105.9% (P =
0.0353, Fig. 6i) respectively, as compared to the WT. Most of the increase in grain size
was contributed by an increase in grain width (107.89%; P = 2.19E-05, Fig. 6c and g) and
less contribution was due to an increase in grain length (104%; P = 0.0054, Fig. 6h). The
TaSPL13-ab displayed similar results for grain area (112.8% increase; P = 9.17E-06; Fig.
6c and f), but the increase in grain number was statistically not-significant (106%; P = 0.3;
Fig. 6d) as compared to the WT. Similar to flowering time, tiller number and plant height,
the results obtained for grain size in the fall season were different as compared to spring.
In spring, the grain size was higher in TaSPL13-b and TaSPL13-ab mutant by 104.8% (P
= 0.0034; Fig. 7c) and 106.2% (P = 0.01; Fig. 7c) respectively, as compared to the WT.
Compared to WT, both TaSPL13-b and TaSPL13-ab mutant lines did not increase grain
number per spike (P > 0.9183; Fig. 7a). These results indicate that the increase in grain
size by TaSPL13-b and TaSPL13-ab is consistent and independent from the seasonal
variations.
Discussion
Transcription factors usually regulate the expression of several genes and altering their
expression pattern leads to pleiotropic effects. The SPL TFs acts redundantly in controlling
the various traits of development (Chen et al., 2010). Therefore, the knock-out of one gene
is often compensated by other redundant copies. Since is hexaploid, there are often triads
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for a gene, moreover, gene duplication is more prominent in cereals like wheat (RamírezGonzález et al., 2018). Therefore, a dominant mutation in a single gene exhibits more
phenotypic effects as compared to single-gene knockouts. The disruption of MRE of
TaSPL13 releases the transcriptional and translational repression by miR156 and leads to
overexpression in the mutant plants. The semi-dominant mutations in TaSPL13-b
displayed a non-additive gene action compared to double and triple mutants. This is partly
due to the much higher expression levels of B-genome copy and partly due to the optimal
increase of gene expression levels with single mutations. Very high SPL transcripts have
negative pleiotropic effects in rice (Wang et al., 2017). Therefore, the SPL gene expression
levels need to be fine-tuned for enhanced agronomic traits.
The very large, repetitive, and complex genome of hexaploid wheat has hindered
the functional and molecular analysis of the SPL gene family in wheat. Apart from some
bioinformatics analysis and gene expression analysis (Wang et al., 2015; Zhang et al.,
2014), the functional and molecular analysis of only the TaSPL16 (Cao et al., 2019),
TaSPL20, and TaSPL21 (Zhang et al., 2017) genes have been carried out. These studies
analyzed the overexpression of TaSPL16/20/21 in Arabidopsis and rice, and haplotype
analysis of TaSPL20/21 in wheat. The functional analysis of the TaSPL genes in native
conditions was lacking. Our functional and molecular analysis of TaSPL13 is the first
report of the TaSPL gene family member in the native conditions. The results of this study
demonstrated that there exists a functional divergence in the genes in cereal crops, although
recently diverged. Therefore, expression and phenotype analysis in wheat itself is very
important to demonstrate the actual role of TaSPL genes.
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The semi-dominant TaSPL13-b and TaSPL13-ab mutant lines exhibit pleiotropic
effects. The phenotypic variations among the mutant and WT lines observed are grain size,
grain number, plant height, tiller number, and flowering time. All these traits are
agronomically important and have a major impact on yield. The role of the SPL gene
family, specially AtSPL3/4/5, during vegetative to the reproductive phase transition is the
most well studied in Arabidopsis (H. Wang et al., 2015). The AtSPL3/4/5 act redundantly
to activate LFY, FUL1, and AP1. Our TaSPL13-ab mutant lines with 2-fold higher levels
of TaSPL13-A and TaSPL13-B transcripts increased the expression of major flowering
gene TaVrn1, orthologous to AP1, by 2.26-folds. The promoter region of the TaVrn1
harbors two GTAC motifs putatively for SPL13 binding. This shows the functional
conservation of phase transitioning in wheat and Arabidopsis. Grain size in mutant lines
increased by 111.5% compared to WT lines consistent with the GLW7 allele of OsSPL13
(Si et al., 2016). Furthermore, grain width increased more significantly as compared to the
grain length. These results are functionally more relatable to OsSPL16 which increases
grain width and weight in rice (Wang et al., 2012). Along with wider grains the spikes bear
more grains as compared to WT plants with lower but more productive tillers per plant.
This increased grain number and reduced tiller number have been observed in OsSPL14
IPA1 and WFP mutant lines (Jiao et al., 2010; Miura et al., 2010). The reduced plant has
been often observed with increased SPL gene expression levels (Wang et al., 2017).
Therefore, the TaSPL13 mutant lines exhibit a mosaic of different phenotypes relatable to
AtSPL3/4/5 and OsSPL13/14/16.
The molecular targets of TaSPL13 responsible for these phenotypic variations have
not been identified in this report. RNAseq analysis and ChIP-seq analysis can identify the
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targets responsible for variable phenotypes. Then, those targets can be specifically
modified to enhance the yield potential of wheat by increasing tiller numbers and further
improvements in grain size and number.
Materials and Methods
Plant materials and growing conditions. Transgenic wheat plants were grown in plastic
pots containing Pro-Mix BX Growing Medium (Growers House, Tucson, AZ), one plant
in one pot, and placed in a greenhouse room with the temperature set at 16 °C in the night
(8 h) and 22 °C in the day (16 h). Approximately 20 g of Multicore controlled-release
fertilizer (Haifa Group, Altamonte Springs, FL) was applied, and the plants were regularly
watered.
Phylogenetic analysis and de novo domain prediction. The wheat genome was searched for
the

SBP

domain

using

the

BLASTP

tool

on

Ensembl

plants

(https://plants.ensembl.org/Oryza_sativa/Tools). A total of 56 genes were identified and
the

homoeologous

compare

tool

from

Ensembl

plants

(https://plants.ensembl.org/Triticum_aestivum/Gene/Compara_Homoeolog) was used for
identifying the homoeologous. The phylogenetic tree was constructed using the protein
sequences of rice and D-genome copies of wheat SPL genes. The sequences were aligned
using the ClustalW algorithm (Thompson et al., 2003), and MEGA7 software was used for
tree construction using the neighbor-joining method with 1000 bootstrap replicates (Kumar
et al., 2016; Saitou et al., 1987).
gRNA design, construction of plasmids, and wheat transformation. The gRNAs were
designed after searching PAM within the micro RNA 156 binding site of TaSPL13. BLAST
tool from Ensembl (https://plants.ensembl.org/Triticum_aestivum/Tools/Blast) was used
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to determine the off-targets and the PAM with least off-target hits were selected. The
gRNA oligos were synthesized as primers including the overhangs compatible with BtgZI
and BsaI restriction sites of pENTR-TagRNA vectors. The gRNAs were inserted into the
BtgZI and BsaI restriction sites of pENTR-TagRNA vectors to generate the entry vector.
The entry vector fragment containing the TaU6-gRNA-scaffold was moved into the pLC41
binary vector containing Cas9 using LR cloning. The resulting binary vector was
transformed into the Agrobacterium strain EHA105 using electroporation. The
Agrobacterium-mediated transgene delivery was carried out using the previously defined
protocol (Zhang et al., 2019).
DNA isolation, primer design, and polymerase chain reaction (PCR). The genomic DNA
was isolated from the wheat leaf tissues following the protocol described by Doyle et al.
(1987). The gene-specific primers for specifically amplifying TaSPL13-A, TaSPL13-B, and
TaSPL13-D were designed using the online tool GSP (https://probes.pw.usda.gov/GSP/).
For PCR, 1 µL of genomic DNA, 3 µL of 5x GoTaq green buffer, 1 µM each of forward
and reverse primers, 0.25 µM of dNTPs and 0.2 µL of Taq polymerase enzyme was added
in a 15 µL reaction. The reaction was set to initial denaturation at 95°C for 5 mins, followed
by 35 rounds of amplification at 95°C for 30 sec, 55°C to 65°C (based on primer annealing
temperature) for 30 sec, and 72°C for 1 min per kilobase and final extension of 5 mins at
72°C. The resulting PCR product was analyzed on an agarose gel.
Cas9 enzyme purification and In vitro transcription of sgRNAs for ribonucleoprotein
(RNP) assay. The plasmid pMJ806 carrying the Cas9 gene for bacterial expression was
obtained from Addgene. The protein was isolated and purified using the protocol described
by (Anders et al., 2014). The gRNA for in vitro transcription was first moved into a
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pENTR-Sp6T7 plasmid (containing the gRNA scaffold) using restriction enzyme and T4
DNA ligase. The sgRNA containing plasmid was linearized using NotI RE, followed by in
vitro transcription using the HiScribe T7 Quick High Yield RNA Synthesis Kit (New
England Biolabs) following the manufacturer's instructions. The in vitro transcribed RNA
was purified using an ethanol precipitation method. For one RNP reaction, 0.5 µg of Cas9
and 0.5 µg of sgRNA were mixed in 2 µL of 5x Cas9 reaction buffer and RNase free water
was added to make a 7 µL reaction. The reaction was incubated at room temperature for
15 mins. 3 µL of PCR product was added to each reaction and digested at 37°C for 3 hours
followed by inactivation at 65°C for 15 mins. The resulting digested product was analyzed
on an agarose gel.
T7 endonuclease 1 assay. 3-5µL of the amplified PCR products were denatured at 95°C
followed by cooling down slowly at a rate of 3.5°C/min to 25°C for heteroduplex
formation. To reannealed product, 2 µL of 10x cutting buffer, 0.1 µL of T7 endonuclease
1 was added to a reaction of 20 µL. The reaction was set up at 37°C for 3 hours, followed
by agarose gel electrophoresis.
Sanger sequence and sequence analysis. For Sanger sequencing, PCR was performed using
colorless GoTaq buffer. The PCR amplicons were treated with ExoSAP-ITTM PCR Product
Cleanup Reagent (Thermo Fisher) following the manufacturer's manual for removing
excess dNTPs and primers. The sequence files were analyzed manually, using Rprogramming and a computer program Ice-Synthego (https://ice.synthego.com/) for
heterozygous chromatograms.
RNA isolation, quantitative reverse transcriptase PCR. Total RNA was isolated from
coleoptiles, seedlings, leaves, roots, immature inflorescence, and developing grains using
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a Tri-reagent (Zymo Research, Irvin, CA) and purified using a Direct-Zol RNA Miniprep
Plus Clean & ConcentratorTM kit (Zymo Research, Irvine, CA). Three biological
replicates were used for each genotype. RNA quality and concentration were assessed
using the NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, USA). The
purified RNA samples from leaves, roots, and grains of the transgenic plants and their WT
segregants were used for first-strand cDNA synthesis following the mRNA enrichment
oligo dT approach. The resulting cDNA was used for qRT-PCR analysis following the
protocol described by (Zhang et al., 2013). Wheat constitutively expressed genes TaActin
and TaRPII were used as internal controls for normalization.
Phenotyping and data analysis. The heading date was noted for plants as the heads emerge
on a plant. Flowering time was noted at the anthesis stage, and the maturity date was noted
when plants completely dried out. Tiller number and plant height were recorded manually.
For grain size and number analysis, the spikes from the main stem were harvested after
mature and dried at 37°C for two days. The spikes were recorded for spikelet number, grain
number per spike, and spikelet number per spike manually. The grain size from the spikes
was measured using GrainScan software (Whan et al., 2014). Statistical analysis was
carried using the R statistical package (Team, 2013). A two-tailed student’s t-test was
applied for all the statistical analyses and computed p-values were reported for two groups.
For multiple groups, p-values adjusted for multiple comparisons using Bonferroni
correction were reported.
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Figures and Figure Legends:

Fig.1 Phylogenetic analysis, de novo motif prediction, and expression pattern of SPL
genes. a) For phylogenetic tree construction the D-gene copies of hexaploid wheat (red
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color) and rice SPL genes (black color) were used, b) the de novo predicted motifs from
the amino acid sequence of SPL genes are color-coded. Motif 1 is the SBP domain and is
present in all the SPL genes. Motif 8 is encoded by MRE, which is present in the last exon
of some of the SPL genes. The MRE of OsSPL4, OsSPL13, and TaSPL13 is present in the
3’-UTR, hence not shown in the figure. The phylogenetic tree was constructed using
MEGA7 software (https://www.megasoftware.net/), the protein motifs were predicted
using the MEME suite (http://meme-suite.org), and the MRE was predicted using the
miRbase (http://mirbase.org) online tool. The scale bar indicates 100 amino acids. c)
Heatmap indicating expression pattern of wheat TaSPL genes in 9 different tissues on a
Log2 TPM (transcripts per million) scale. Blue color indicates higher expression and the
white color indicates low expression. The 9 tissues are numbered 1-9 on top of the heat
map, where 1: young spikes, 2: grains, 3: matured spikes, 4: roots at reproductive stage, 5:
leaves/shoots at reproductive stage, 6: roots at the vegetative stage, 7: leaves/shoots at the
vegetative stage, 8: leaves/shoots at the seedling stage, 9: roots at the seedling stage. The
heatmap was generated using a wheat expression browser (http://www.wheatexpression.com/).
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Fig. 2. Engineering the MRE of TaSPL13. a) The gene model of the TaSPL13 gene with
black blocks representing the exons and white blocks representing the 5’- and 3’-UTR. The
sgRNA used for targeting the MRE are shown in red letters, green letters are the PAM, and
highlighted text represents the MRE. The underlined letter in sgRNA1 shows the SNP
position corresponding to sgRNA2. b) The entry vector cassette for cloning the sgRNAs,
BtgZI and BsaI enzyme sites are used for restriction-ligation cloning. The entry vector has
attL sequences for LR cloning. c) The binary vector cassette with Cas9 for wheat
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transformation. The sgRNA along with TaU6 promoters is cloned into the binary vector.
d) Mutations obtained in the T1, and subsequent generations. The genotype is written on
the left side, mutation size is written inside the parentheses, minus sign is for deletion, and
sign for insertion. Blue highlighted text is the MRE, red highlighted TAA triplet is the stop
codon, magenta color indicates the insertion, and dashes represent sites of deletions. Five
out of 11 mutations did not affect the coding region.
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Fig. 3 Expression analysis of TaSPL13. a) Expression of TaSPL13 in five different tissues
analyzed in WheatExp (https://wheat.pw.usda.gov/WheatExp/). The Zadoks decimal code
for growth stages of cereals is indicated below the graph. FPKM: fragments per kilobase
per million mapped reads, b) qRT-PCR analysis of TaSPL13-A and B gene in developing
spikes show higher expression of TaSPL13-B as compared to TaSPL13-A, c) Mutations in
MRE of TaSPL13-A (25-bp deletion) and B increased their expression by 1.7 and 2.25-fold
respectively and major flowering gene in wheat TaVrn1 was upregulated 2.26-fold in
TaSPL13-ab lines, d) the 10-bp deletion in the TaSPL13-A increased the expression by
1.85-fold in the TaSPL13-a lines. Error bar represents the standard error to the mean *
indicates P < 0.05, *** indicates P < 0.001, **** P < 0.0001.
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Fig. 4. Effect of TaSPL13 on flowering time and plant architecture during the fall
season. a-h) Phenotype of TaSPL13 mutant lines for heading and maturation time. The
TaSPL13-b/ab/abd plants headed and matured earlier as compared to the WT plants, a-f,
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and i) plant height of TaSPL13-b/ab/abd mutants reduced, and a-f and j) the tiller number
also reduced. AABBDD represent the WT lines, aaBBDD represent TaSPL13-a, AAbbDD
represent TaSPL13-b, AABBdd represent TaSPL13-d, aaBBdd represent TaSPL13-ad,
aabbDD represent the TaSPL13-ab, and aabbdd represent the TaSPL13-abd lines Error bar
represents the standard error to the mean, * indicates P < 0.05, ** indicates P < 0.01, ***
indicates P < 0.001, and **** indicates P < 0.0001. The P-values are adjusted for multiple
comparisons using Bonferroni correction.
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Fig. 5. Effect of TaSPL13 on flowering time and plant architecture during the spring
season. a-e) Phenotype of TaSPL13 mutant lines for heading and maturation time. The
TaSPL13-b/ab/abd plants headed and matured earlier as compared to the WT plants in the
spring season as well. f) Plant height variation was non-significant, and d) tiller number
was significantly reduced only in TaSPL13-abd lines during the spring. AABBDD
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represents the WT lines, AAbbDD represents TaSPL13-b, aabbDD represents the
TaSPL13-ab, and aabbdd represents the TaSPL13-abd line. Error bar represents the
standard error to the mean, ** indicates P < 0.01, *** indicates P < 0.001, ns indicates
non-significant. The P-values are adjusted for multiple comparisons using Bonferroni
correction.
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Fig. 6. Effect of TaSPL13 on grain size and number during the fall season. (a, b, d, and
e) Grains per spike and spikelet per spike of the TaSPL13-b lines were higher as compared
to WT lines. Grain area (f), grain width (g), grain length (h), and 1000-grain weight (i) of
TaSPL13-b/ad/abd lines was increased significantly compared to WT. AABBDD represent
the WT lines, aaBBDD represents TaSPL13-a, AAbbDD represents TaSPL13-b, AABBdd
represents TaSPL13-d, aaBBdd represent TaSPL13-ad, aabbDD represents the TaSPL13ab, and aabbdd represents the TaSPL13-abd line Error bar represents the standard error to
the mean, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and ****
indicates P < 0.0001. The P-values are adjusted for multiple comparisons using Bonferroni
correction.
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Fig. 7. Effect of TaSPL13 on grain size and number during the spring season. The
mutant lines were not significantly different from the WT plants in grains per spike (a) and
grains per spikelet (b). Grain area (c) and grain width (f) were significantly higher in
TaSPL13-b/ab/abd lines compared to WT. Grain length (e) was higher in TaSPL13-b/abd
lines, and 1000-grain weight (d) was significantly higher only in TaSPL13-abd lines.

153

Table 1. List of rice and wheat SPL genes with the MRE sequence in wheat
Rice
Wheat
SPL

Wheat gene ID

MRE Sequence in wheat SPL

TaSPL1-A

TraesCS7A02G208000

No MRE

TaSPL1-B

TraesCS7B02G115200

No MRE

TaSPL1-D

TraesCS7D02G210400

No MRE

TaSPL2-A

TraesCS3A02G432500

TGTGCTCTCTCTCTTCTGTCA

TaSPL2-B

TraesCS3B02G468400

TGTGCTCTCTCTCTTCTGTCA

TaSPL2-D

TraesCS3D02G425800

TGTGCTCTCTCTCTTCTGTCA

TaSPL3-A

TraesCS6A02G110100

ATGCTCTCTCTCTTCTGTCA

TaSPL3-B

TraesCS6B02G138400

ATGCTCTCTCTCTTCTGTCA

TaSPL3-D

TraesCS6D02G098500

ATGCTCTCTCTCTTCTGTCA

TaSPL4-A

TraesCS6A02G155300

GTGCTCTCTCTCTTCTGTCA

TaSPL4-B

TraesCS6B02G183400

GTGCTCTCTCTCTTCTGTCA

TaSPL4-D

TraesCS6D02G145200

ATGCTCTCTCTCTTCTGTCA

TaSPL5-A

TraesCS6A02G152000

No MRE

TaSPL5-B

TraesCS6B02G180300

No MRE

TaSPL5-D

TraesCS6D02G142100

No MRE

TaSPL6-A

TraesCS4A02G359500

No MRE

TaSPL6-B

TraesCS5B02G512800

No MRE

TaSPL6-D

TraesCS5D02G513300

No MRE

TaSPL7-A

TraesCS2A02G413900

GTGCTCTCTCTCTTCTGTCA

SPL genes
genes

OsSPL1

OsSPL2

OsSPL3

OsSPL4

OsSPL5

OsSPL6

OsSPL7
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OsSPL8

OsSPL9

TaSPL7-B

TraesCS2B02G432700

GTGCTCTCTCTCTTCTGTCA

TaSPL7-D

TraesCS2D02G410700

GTGCTCTCTCTCTTCTGTCA

TaSPL8-A

TraesCS2A02G502300

No MRE

TaSPL8-B

TraesCS2B02G530400

No MRE

TaSPL8-D

TraesCS2D02G502900

No MRE

TaSPL9-A

TraesCS1A02G255300

No MRE

TaSPL9-B

TraesCS1B02G266100

No MRE

TaSPL9-D

TraesCS1D02G254700

No MRE

TaSPL10-A

TraesCS7A02G494900

No MRE

TaSPL10-B

TraesCS7B02G402400

No MRE

TraesCS7D02G482300

No MRE

OsSPL10
TaSPL10D
OsSPL11

NA

NA

OsSPL12

NA

NA

TaSPL13-A

TraesCS2A02G232400

TGCTCCCTCTCTTCTGTCA

TaSPL13-B

TraesCS2B02G250900

TGCTCCCTCTCTTCTGTCA

TraesCS2D02G232800

TGCTCCCTCTCTTCTGTCA

TaSPL14-A

TraesCS7A02G246500

TGTGCTCTCTCTCTTCTGTCAA

TaSPL14-B

TraesCS7B02G144900

TGTGCTCTCTCTCTTCTGTCAA

TraesCS7D02G245200

TGTGCTCTCTCTCTTCTGTCAA

TraesCS7A02G249100

No MRE

OsSPL13
TaSPL13D

OsSPL14
TaSPL14D
OsSPL15

TaSPL15-A
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TaSPL15-B

TraesCS7B02G142200

No MRE

TraesCS7D02G248000

No MRE

TaSPL16-A

TraesCS7A02G260500

TGTGCTCTCTCTCTTCTGTCA

TaSPL16-B

TraesCS7B02G158500

TGTGCTCTCTCTCTTCTGTCA

TraesCS7D02G261500

TGTGCTCTCTCTCTTCTGTCA

TaSPL17-A

TraesCS5A02G265900

TGTGCTCTCTCTCTTCTGTCAA

TaSPL17-B

TraesCS5B02G265600

TGTGCTCTCTCTCTTCTGTCAA

TraesCS5D02G273900

TGTGCTCTCTCTCTTCTGTCAA

TaSPL18-A

TraesCS5A02G286700

TGTGCTCTCTCTCTTCTGTCA

TaSPL18-B

TraesCS5B02G286000

TGTGCTCTCTCTCTTCTGTCA

TraesCS5D02G294400

TGTGCTCTCTCTCTTCTGTCA

TaSPL15D

OsSPL16
TaSPL16D

OsSPL17
TaSPL17D

OsSPL18
TaSPL18D
OsSPL19

NA

NA

TaSPL20-A

TraesCS7A02G495000

No MRE

TaSPL20-B

TraesCS7B02G402300

No MRE

TraesCS7D02G482400

No MRE

TaSPL22-A

TraesCS7A02G495100

No MRE

TaSPL22-B

TraesCS7B02G402200

No MRE

NA
TaSPL20D

NA
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TaSPL22TraesCS7D02G482500

No MRE

TraesCS7A02G494800

No MRE

TraesCS7D02G482200

No MRE

D
TaSPL23-A
NA

TaSPL23D
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Table 2. Mutation count in different generations corresponding to the genotype.

Transgenic

Population

Mutant genotypes

generation

size

AaBBDD

AABbDD

AABBDd

T0

2

0

0

0

T1

74

2

0

0

T2

90

0

0

1

T3

265

0

5

3

Total

431

2

5

4
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CHAPTER 4: Conclusions and future directions

The SPL gene family is known to be a positive regulator of yield and other major agronomic
traits for years. But the functional and molecular characterization of wheat SPL gene family
members is lagging other cereals such as rice. This was partly due to the unavailability of
the highly annotated reference genome and partly due to the unavailability of precise
genomic modification tools for wheat. But with the advancement in wheat genomic editing
using CRISPR-Cas9 and availability of highly annotated reference genome these genes
now can be studied thoroughly. Using the rice SPL protein sequence, we identified 56 SPL
genes in wheat in 19 homoeologous groups. Further, we mutated the micro RNA 156
recognition element (MRE) of TaSPL13 to increase its expression levels. Our results
indicate that the TaSPL13 gene controls many agronomic traits. We demonstrated that the
TaSPL13 MRE mutants are early in flowering, shorter in length, bear fewer spikes, and the
spikes bear more, and heavier grains as compared to wildtype lines. Therefore, the
TaSPL13-miR156 module acts a regulatory hub to control many agronomically important
traits in wheat. This module along with other SPL gene family members are perfect targets
for wheat yield improvement using precise DNA modification approaches such as prime
editing.
In the future, we will focus to identify the molecular and biological mechanisms
underlying these diverse phenotypes regulated by a single gene. For this, we are planning
a series of experiments. The first is to establish a promoter-GUS (β-glucuronidase) reporter
system. The promoter of TaSPL13 deriving GUS (pSPL13::GUS) gene expression will be
transformed into wheat and the expression pattern in different tissues will be visualized.

159

This will provide the molecular evidence of gene expression in various tissues such as
spikes, shoots, internodes, and grains.
Secondly, the RNAseq from the tissue selected based on pSPL13::GUS results will
be performed. This will provide the information regarding the genes controlling the various
traits based on differential gene expression analysis. Thirdly, a chromatin
immunoprecipitation assay-based sequencing (ChIP-seq) will be carried out to identify the
target targets of TaSPL13 TF. Further, these targets can be specifically modified to inhibit
the binding of TaSPL13. Lastly, a yeast-one-hybrid experiment will be carried out to
identify the ability of DNA binding and gene activation.
Furthermore, the 1-bp insertion in TaSPL13-B is being transferred to durum wheat
cultivar “Divide” and common wheat cultivar “Prevail” through the genetic crossing. The
transgene-free lines of both durum and common wheat will be supplied to wheat breeders
for yield traits.

